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19. ABSTRACT

Multi-layer MISFET gate-stack test structures, incorporating crystalline oxide ferroelectric films with
SiO2 buffer and cap layers, Si3 N4 diffusion barriers and TiW or Al gate electrodes, were fabricated using
our pulsed laser deposition (PLD) apparatus (scaled under the program to allow coating 4-inch wafers
compatible with IC processing) to demonstrate memory storage capability, and to establish the basis for I
a FEMFET-FERRAM thin-film technology using an oxide ferroelectric material. C-V measurements
indicated excellent memory-window characteristics, suggesting that underlying (p-) type silicon could be
driven to deep depletion with switched remanent polarization (Pr) values of less than 0.2 jhC/cM2. Early I
device wafers were fabricated using these gate structures, and switchable ferroelectic memory transistors
were successfully demonstrated. However, transistor memory retention measurements yielded poor
retention times similar to those attained with BMF. Destructive readout measurements of ferroelectric I
remanent polarization vs. time for these gate structures suggested excellent remanent polarization (Pr)
memory retention and that the rapid decay of the C-V memory window observed (in transistor gate
structures) was due to a progressive build-up of charge caused by ion migfition within the ferruelectric I
layer.

A unique, highly sensitive, non-destructive method of determining charge migration behavior in the
ferroelectric layer from CV measurements was developed, which provided a powerful new analytical tool
for the characterization of fatigue and aging effects in both FEMFET and (modified) ferroelectric
capacitor memory structures. Using this testing method, a factor of approximately 1000 improvement
in the retention of BTO gates was demonstrated through the use of Nb doping. Gates fabricated with I
undoped PZT and Al top electrodes gave extrapolated memory retention exceeding 10 years! As a
consequence of this latest work with new materials, compatible buffer-layer and cap-layer incorporation
into the memory gate structure, low-stress metallization techniques, and lithography appropriate for I
delineation of the oxide ferroelectric gate dielectric, we feel that most of the issues associated with a high
retention FEMFET demonstration are now essentially under control. However, because ot funding and
time constraints a transistor device wafer lot employing these improvements was not fabricated.

Despite the fact that high-performance memory device arrays with high yield have not yet been obtained,
the intrinsic merits and practical potential of the technology have been successfully demonstrated using
ferroelectric oxide thin film materials. As a consequence of results achieved on this program, and of

several related studies reported in the literature, exciting opportunities now exist for significant further
improvements in the performance and stability of FEMFET-FERRAM transistor arrays.

The coauthors of this report wish to acknowledge experimental and developmental contributions from
Mary Austin, Murray Polinsky, Paul Brabant and Ed Stepke at Westinghouse, consulting and specialized
measurements from Dr. S. B. Krupanidhi (Penn State University), as well as advice and consulting from

Drs. Don Smyth and Marvin White (Lehigh University), and Dr. S. Y. Wu (McDonnell Douglas).
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1.0 EXECUTIVE SUMMARY

The Westinghouse contract is aimed towards the development of

a 4-inch silicon wafer technology for FERRAM/FEMFET

(Ferroelectric Memory ME) ,memory arrays. The memory cell

structure involves a ferroelectric layer as the gate

dielectric of the FET, where the candidate ferroelectric

3 materials identified for evaluation were a fluoride (BaMgF4 =

BMF) or oxide (Bi4Ti3Ol2 - BTO or other). The key aspects of

the program address the following: (a) development of

Integration Compatible / Accelerated Lifetime (ICAL) test

vehicles incorporating prototype FEMFET structures, (b)

optimization of integrated fluoride or oxide films as low-

coercivity ferroelectrics, (c) demonstration of long-term

I device stability (i.e. evaluation of retention, fatigue, and
aging effects) in optimized transistor structures, and (d)

development of large-area manufacturing processes compatible
with 4-inch FERRAM/FEMFET technology.

- The Interim Reportl covering the first phase of this contract

described an investigation of MBE-grown ferroelectric

'fluoride' (BMF - BaMgF4) films as gate insulators for NDRO

ferroelectric memory FET device structures based primarily on

(100) oriented silicon, and to some extent on GaAs wafers.
Although devices showing large programmable memory windows

3 were obtained, using relatively low address voltages, the BMF

transistor structures exhibited rather poor reproducibility,3 and electrical instability manifested as poor retention

capability. The test transistors fabricated exhibited good

transistor curves; however, retention time was on the order

of one to five hours. Measurements using the. Radiant

Technology RT-66A ferroelectric test system of the stored

ferroelectric remanent polarization were inconclusive (values
were too small to measure reliably because films on silicon

3 had the polar axis oriented mostly in-plane instead of the
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desired orientation out-of-plane). Further studies, including

temperature-bias-stress evaluations, indicated that mobile

charges (ionic conductivity) were a significant factor in

producing a fast decay of the memory window (i.e. loss of

retention). These results were the major reason in deciding
to shift the study of ferroelectric FEMFETs from BMF to other
'oxide' ferrolelectric materials such as bismuth titanate i
(BTO). Additional problems encountered with BMF gate

insulator structures included high coercive fields, and film 3
cracking arising from the high differential thermal expansion

between BMF and Si. Also, thin BMF layers, when electroded 3
with Al films, exhibited large internal clamping fields

(presumed to be of piezoelectric origin) which suppressed

polarization switching.

Results of the second phase of the program are presented in i
this report, which focuses on exploration of ferroelectric

bismuth titanate (BTO) films for the FEMFET gate dielectric, 3
since there is growing evidence that layers of BTO and

certain other ferroelectric oxides, when suitably processed,

may possess switching and stability properties that are far

superior to those thus far obtained for BMF layers. This

evidence has emerged primarily from our recent effective
development of pulsed (excimer) laser deposition (PLD) as a

growth method for BTO (as well as several other mixed oxides) I
that is markedly superior, in control of film composition and

structure, to previously used sputtering techniques. However,

it is also strongly supported by a re-evaluation of key
device and materials parameters (from work at Westinghouse n

and elsewhere), and by recent findings on the successful

chemical doping of ferroelectric oxide films to achieve

significant improvements in electrical quality.

An 8K FERRAM Test Vehicle was created for evaluation of i
FEMFET baseline process integrity. This mask set featured a
full complement of test structures for evaluation of the 3

10
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process integrity of the FEMFET process..

These test structures address such issues as pe~fQrmance,

reliability, producibility, radiation hardness, and

uniformity of the baseline technology. Wafer fabrication on

this program phase used short-loop gridded wafers for

ferroelectric capacitor fabrication and evaluation and fully

processed device wafers for FEMFET fabrication. During this
program phase 111 gridded wafers were processed and 15 device
wafers were processed up to FEMFET formation using oxide

I ferroelectric materials.

Under Westinghouse IRAD efforts before the start of the

present program, we had demonstrated operation of an

f integrated oxide-type gate structure with 5V programming

using BTO films prepared by pulsed laser deposition (PLD).

Optimum deposition parameters for preparing BTO films on

small substrates were established prior to the start of the
present program. The focus of our oxide-ferroelectric thin

film deposition efforts on the present program was on scaling
the already established BTO process to allow coating 4-inch

silicon wafers to be compatible with our existing lgm CMOS

very large scale integrated circuit (VLSIC) fabrication.

Multi-layer MIS test structures, incorporating crystalline
BTO films with SiO2 buffer and cap layers, Si3N4 diffusion

barriers and metal (and alloy) gate electrodes, were
fabricated using our scaled PLD apparatus to demonstrate

memory storage capability, and to establish the basis for a

FEMFET-FERRAM thin-film technology using an oxide

ferroelectric material. C-V measurements indicated excellent

memory-window characteristics, suggesting that p-type silicon

electrodes could be driven to deep depletion with switched
remanent polarization (Pr) values of less than 0.2 gC/cm2 .

I Early device wafers were fabricated using these gate

structures, and switchable ferroelectric memory transistors

I 1



were successfully demonstrated. However, transistor memory

retention measurements yielded poor retehtion times similar

to those attained with BMF. Measurements of ferroelectric

remanent polarization vs. time of gate structures suggested

excellent memory retention and that the rapid decay of the C-

V memory window observed (in both gates and transistors using

BTO layers) was due to a progressive build-up of fixed

positive charge caused by ion migration (within the BTO

layer) to the semiconductor interface.

In order to eliminate the possible effects of measurement

fields on the stability of the stored C-V window condition, a

unique indirect, non-destructive electrical measurement

approach has been developed at Westinghouse, whereby the

memory window threshold voltages were imputed from zero-bias
values of the gate capacitance Cg, using SONOS C-V reference

plots. This highly sensitive, non-destructive method of

determining charge migration behaviour in the ferroelectric

layer provides a powerful new analytical tool for the

characterization of fatigue and aging effects in both FEMFET

and (modified) ferroelectric capacitor memory structures.

Significant improvements in C-V window retention have been

demonstrated on this program with new ferroelectric oxide-

type memory gate stack structures (having buffer- and cap-

layers and metal top electrodes of Ti-W or Al) and new

ferroelectric oxide materials (e.g. doped BTO and PZT). In

particular, a factor of approximately 1000 improvement in the

retention of PTO gates was demonstrated through the use of Nb

doping; and, gates fabricated with undoped PZT and Al top

electrodes gave extrapolated memory retention exceeding 10

years! As a consequence of this latest work with new
materials, compatible buffer- and cap-layer incorporation in

the memory gate structure, low-stress metallization

techniques, and lithography appropriate for deliniation of
the oxide ferroelectric gate dielectric, we feel that most of

12



the issues associated with a high retention FEMFET

U demonstration are now essentially under control. However,

because of funding and time constraints a transistor device

* wafer lot employing these improvements was not fabricated.

Despite the fact that high-performance memory device arrays
with high yield have not yet been obtained, the intrinsic

merits and practical potential of the technology have been

successfully demonstrated using ferroelectric oxide thin film

materials. As a consequence of results achieved on this

5 program, and of several related studies reported in the

literature, exciting opportunities now exist for significant

* further improvements in the performance and stability of

FEMFET-FERRAM transistor arrays.

I
I
I
I
I
I
I
I
I
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2.0 INTRODUCTION

Nonvolatile memory is an essential requirement for all

computer systems. It is especially important for military

systems where vital information has to be stored in some type

of a nonvolatile memory (i.e. memory that does not forget

when power is lost in a hostile environment). Among the
available nonvolatile memory technologies, disk memories
offer large capacities, and are widely used in such items as

personal computers. However, they are slow, bulky, and
susceptible to breakdown because of their mechanical nature.

Magnetic core and magnetoinductive plated wire memories are
very limited in capacity, very bulky, have large power

requirements, and are very expensive. Erasable programmable

read-only memories (EPROM) and electrically erasable

programmable read-only memory (EEPROM) have slower write
speeds, are susceptible to radiation damage, and fatigue

faster than either core or silicon random access memories.
Silicon oxide-nitride-oxide silicon '(SONOS) memory is a
nonvolatile memory option that is fast to read and can be
radiation (RAD) hard. Unfortunately however, SONOS is yet to
be programmed for long retention (over five years) with

programming pulses of lgs or shorter. Another memory option
currently under development is the magnetoresistive random
access memory (MRAM), which has the potential to provide high
density, radiation hardness, and nondestructive readout

(NDRO) operation with unlimited endurance. Major
disadvantages of this device are its slower read cycle time
and larger cell design.

Key characteristics of some of the military nonvolatile
memory technologies as they existed near the middle of 1991

are listed 2 in Table 1-1. When one considers all the

selection requirements for a nonvolatile memory, namely fast
read/write, radiation hardness, cost effectiveness via
compatibility with currently used integrated circuit (IC) I

14
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processing technology, high endurance and retention, and

nondestructive readout (NDRO) capability, the ferroelectric

memory stands out as the logical choice for all applications

where submicrosecond programming is needed.

The basic characteristics of a ferroelectric material that

make it suitable for memory device application include

primarily its ability to retain two stable remanent

polarization (± Pr) values at zero field, thus providing

nonvolatility. The second basic aspect relates to the

control and sensing of the remanent polarization state,

including a means for polarization reversal from up (+ 1) to

down (0) or vice versa. For compatibility with standard

silicon complementary metal-oxide semiconductor (CMOS) ICs,

the ferroelectric memory element must switch at an applied

voltage of less than 5V. The first ferroelectric memory

transistors were fabricated in the 1950's and 1960's;

however, all of these early devices used bulk ferroelectric

material with a thin film of semiconductor on top, thus

requiring higher than acceptable switching voltages. The

first thin film ferroelectric memory device was fabricated by
S.Y. Wu3 at Westinghouse in 1974. The structure of this i
device, called metal-ferroelectric-semiconductor transistor

(MFST) by Wu was identical to the standard silicon metal-

insulator-semiconductor field effect transistor (MISFET),

except that the insulator in the MISFET was replaced by a

thin (3 to 4 gm) layer of sputter-deposited ferroelectric

bismuth titanate. Although the device was stable and

functional, it required a very large switching voltage, thus I
making it incompatible with silicon ICs. In addition, it was

slow (switching time of the order of microseconds). The slow

speed was attributed by Sugibuchi et a14 to tunnel-injection

effects, i.e., charge injected from the silicon surface into
traps in the ferroelectric film through a thin native Si02

barrier layer. This resulted in injection-type on/off

switching (similar to SONOS) dominating over the desired

16
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polarization-type switching. Sugibuchi eliminated injection

and demonstrated ferroelectric memory operation by using a

thick (500A) barrier layer which required high voltage to

operate. Recently, Buhay et a15  demonstrated operation at

I low voltage using a thin barrier layer. In this work bismuth

titanate films were fabricated by the pulsed laser deposition

(PLD), which provides a much better control of stoichiometry

compared to sputter deposition used in earlier Westinghouse

work. This latest thin film development work with bismuth

titanate was performed under Westinghouse IR&D funding prior

to the start of this second phase of the contract, and

provided the motivation to pursue further development of our

ferroelectric memory using ferroelectric oxide materials.

I
I
I
I
I
I
I
U
I
I
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3.0 TECHNICAL EFFORT :i

3.1 Ferroelectric Memory Integration Schemes

Two basic types of integration schemes are being pursued by 3
the ferroelectric memory community at this time: (1)

destructive readout (DRO) where the information must be

rewritten after every read operation, and, (2) nondestructive

readout (NDRO) where the information can be read over and I
over again until the next write operation. Integrated

ferroelectric random access memory (FERRAM) using the DRO

scheme closely resembles dynamic random access memory (DRAM). I
The description and background of the various DRO FERRAMs are

available from many other sources and will not be covered

here. The recent surge in interest in ferroelectric

nonvolatile memories can be traced to the development of thin

film technologies in the 1970's and 1980's allowing the

fabrication of thin film ferroelectric capacitors at

temperatures compatible with semiconductor processing, and

the successful integration of these capacitors into I
demonstration DRO FERRAM chips by Ramtron and Krysalis in the

mid 1980's. A good description of these developments can be

found in the review article by Scott and Araujo 6

The NDRO scheme makes use of a ferroelectric maemory FET

(FEMFET), in much the same manner as the "floating gate

memory transistor" or the "SONOS" memory transistor, which is

widely used in many large, commercial, fast-read EEPROMs or

in RAD-hard nonvolatile RAMS, to provide nondestructive

readout, in addition to fast read. Also of great importance

in this device is the fast write characteristic, which

derives from the use of special high quality ferroelectric

films within the gate stack of the FEMFET. Switching of the

polarization state of the ferroelectric gate structure caused

by a "write" pulse results in a "permanent" modulation of the

18
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FET's channel conductivity to a ".one" or "zero" condition.

The cross section of the FEMFET, shoWn in Figure 3-1 is

achieved using an "add-on" process module engineered to be

compatible with existing lpm CMOS very large scale integrated

circuit (VLSIC) fabrication. Before an 'oxide' ferroelectric

gate stack is grown, specific preparatory steps are used to

insure the absence of a "tunneling-trapping barrier" layer of

3 the type observed by WU2 at the interface between the
".semiconductor and the 'oxide' ferroelectric. The gate
structure is also "capped" with a thin layer of Si0 2 to

achieve a more robust MISFET gate dielectric capable of

handling larger electric fields. Additionally, the capping

layer provides better memory gate adhesion and facilities

memory-gate stack photoengraving.

The advantages of the FEMFET are inherent amplification built
into the device, unlimited read cycles (the device fatigues

only during reprogramming and not during routine reading),

and potentially very high packing density associated with the

two devices per cell format. Thin films of ferroelectric

barium magnesium fluoride (BMF) and bismuth titanate BTO) are

being used in the FEMFET development program at Westinghouse.

3.2 'OXIDE' FEMFETs / Background and History

The basic charge-storage mechanisms of FEMFET devices have

been discussed, for example, in papers by Wu3 , Sugibuchi et

al. 4 , and more recently by Sinharoy et al.7 Various

mechanisms can operate to provide a sheet of (space) charge

in the vicinity of a semiconductor-insulator interface. The

occurrence and field-induced migration of contaminant alkali
ions in SiO2 layers is a well-known example 8 . Another

example, which has been studied and exploited extensively in
oxide-nitride (SONOS) memory structures, is the tunneling of

injected charge into traps - primarily at the interface

between two dielectric layers. Figure 3-2 shows the shift in

19
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voltage of a high-frequency C-V curve when positive or

negative charge, Qf, is pres'ent at the interface, .measured

relative to an ideal C-V curve where Qf - 0. A positive Qf

causes the C-V curve to shift towards more negative gate

(metal electrode) bias values for both n- and p-type

semiconductors, and conversely for a negative Qf. Next, the

charge Qf can be identified with the effective reversible

surface charge of a polarized thin film of ferroelectric

material, and in fact Figure 3-3 suggests 9 the programming

method for a ferroelectric Memory FET (FEMFET). As

illustrated in Figure 3-3, when the gate is positive, the
reversible ferroelectric spontaneous polarization (Ps)

switches orientation so that the negative electric dipole

charges are adjacent to the positive gate, forcing the

positive electric dipole charges to be at the silicon

interface, and conversely. The shift in the flatband voltage

indicated in Figure 3-2 can be related to the change in the
insulator space charge ( or the effective change in Ps near

the semiconductor interface) by an expression7 of the form

AQf - -Ci AVFB (3-1)

The first successful achievement of a FEMFET device

employing a ferroelectric film as the gate dielectric was

obtained by Wu3 at Westinghouse. Using metal-ferroelectric-

semiconductor-transistor (MFST) structures comprising 2 - 4

pn thick BTO gate dielectric layers sputtered on silicon, he

was able to demonstrate reversible changes in channel

conductance by changing the voltage on the gate. In these

devices, however, the simple switching mechanisms depicted in

Figures 3-2 and 3-3 were not observed. Under gate voltages

high enough to produce memory storage, carriers were injected

into the ferrroelectric from the silicon, and these charges

led to the attraction of carriers of opposite polarity to the

semiconductor surface. It seems probable that these effects

arose from the formation of a thin mixed oxide

22
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layer at the interface, because of the oxidizing environment

during BTO deposition and the necessity for extended sputter

deposition times at elevated temperature.

In subsequent work by Sugibuchi et al. 4 , the titanate layer I
was formed by annealing (at 6500C) amorphous films deposited

on unheated Si substrates. This procedure reduced stress and

cracking prevously induced in the films by differential
thermal contraction. The results obtained indicated that

charge injection could be avoided by operating at gate
voltage frequencies higher than 1 kHz, or by adopting a

structure in which a thin (500A) thermal oxide buffer layer

was interposed between the titanate and the silicon. In these Isituations, modulation of the silicon surface potential

occurred only through polarization reversal in the
ferroelectric film. The switching time for a 0.7 jm thick BTO i
film was found to be exponentially dependent on the applied
voltage, typically 10 msec at 25 V and 300 msec at 15 V.

Considering the early state of development and the primitive
passivation approaches used in these studies, the retention

characteristics of these p-channel devices were rather
promising. The "on" and "off" states were relatively stable

even at 100oC and no fatigue effects were observed up to 105 I
write and erase cycles.

Few published studies have yet appeared on FEMFET device

structures with other ferroelectric oxides as the gate

insulator. An early attempt was made by Higuma et al.I0) to
develop FEMFET structures on n-type GaAs substrates (ND - 2-9

x 101 7 /cm 3 ), using RF sputtered lead lanthanum titanate (PIT)

films as the gate dielectric. The films were grown at

temperatures below 500oC and subsequently annealed at
temperatures up to 750 0C to develop the crystalline

perovskite-type ferroelectric structure. This yielded
ferroelectric hysteresis loops with typical values of Pr -

7.7 gC/cm2 and Ec - 120 kV/cm. Transistor structures were

24
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fabricated , using Z'n diffusion to produce the p-type source

ahd drain regions. Well-defined. "on" and "off" states were

I observed, but with operating power levels about an order of

magnitude lower than those reported by WU3 and Sugibuchi 4 for

structures on Si with BTO gates. However, the ID vs. VG

characteristics for these PLT devices on GaAs indicated

* clearly defined switching thresholds consistent with the

normal ferroelectric polarization reversal mechanism (i.e. no

evidence of charge injection into the ferroelectric).

More recently, Rost et al.' 1 .produced FEMFET structures by RF

I magnetron sputtering of ferroelectric LiNbO3 films on (ill)

silicon substrates. The potential advantages of LiNbO3 gate

structures, on this orientation of Si, derive from the ease
with which the polar c-axis can be grown normal to the

3 . substrate, the lw chemical reactivity of the niobate, and
the extremely high value of Ps (71 gC/cm2 ) reported for this

material. A novel molybdenum lift-off process was used to
delineate the 25 gm square FET structures. Using niobate

films 2700A thick, grown at 6000C, low leakage values (34 pA)

were obtained and an amplification factor of 64 was reported.

Also, in operation hysteresis of parameters of the device

were altered in a way which was consistent with ferroelectric

switching being the dominant effect. Below we describe

U results achieved under the present program using BTO and

other oxide ferroelectric materials in the development ofu oxide-type FEMFETs.

3.3 Critical Parameters for Optimum FEMFET Performance

From the above discussion it is clear that the primary

mechanism for channel conductance modulation during FEMFET

operation ( i.e. the desired polarization reversal in the

ferroelectric layer, or undesired charge injection into the

ferroelectric) depends sensitively upon the compositional

* profile in the vicinity of the semiconductor-dielectric

* 25



interface. We shall discuss this more fully later in relation
to thin film deposition and annealing conditions for the gate

dielectric, and the interposition of buffer-barrier and
capping layers for reduction of injection and leakage. Next,
we consider the dependence of the polarization switching

process and memory retention characteristics on the intrinsic

electrical parameters of the metal-dielectric-semiconductor

structure.

3.3.1 Ferroelectric Film Quality

First, consider the ferroelectric polarization process and
its dependence on film quality. This process, and the
threshold switching fields and polarization values involved,
are sensitive to ferroelectric film composition,

crystallinity, orientation and stress condition ( as
described in later discussion). In particular, earlier
studies by LukeJ2. 13 on crystals of BTO, showed that
switching- and coercive-fields (Es and Ec) and also switching

speed were extremely sensitive to chemical purity. Optical
evaluation of depoling effects showed that in crystals grown
from high-purity oxides, nucleation and propagation of
reverse domains occurred from a few fixed sites near the
electrode interface. BTO crystals grown from reagent grade
(RG) mat'erials of lower purity, however, display reverse
nucleation from many sites throughout the crystal, and also

require an order of magnitude higher field to attain the same

switching speed as high purity crystals. The key role of
impurities such as Fe203 in influencing Ec and switching

speed was demonstrated by Luke 12 . Also, a strong anisotropy
in conductivity (at least two orders of magnitude between the

a- and c-axes of the crystal) was noted in RG material.

In general, the switching and coercive fields measured in

thin film ferroelectrics range from one to two orders of
magnitude higher than those found for crystals of the

26



I equivalent bulk materials. The Kigher fields required in

films have been a source of concern in relation to power

requirements for memory operation, but can be offset to a
large extent by using lower film thicknesses. A high Ec

parameter (coupled if possible with the pseudo-threshold c-

axis switching characteristic of BTO) is attractive for

another reason, viz. it tends to neutralize the effect of

depolarizing fields inherent in the metal-ferroelectric-
semiconductor geometry, as discussed below.

3.3.2 Interrelation of Device Operating Fields and

I Dielectric Parameters

Consider briefly the key operating (and intrinsic) field

conditipns required for FEMFET devices, and their dependence

on the electrical properties cf the ferroelectric layer and

semiconductor substrate. We begin by defining the threshold
field Eth required to change the surface potential of the

semiconductor from flat band to strong inversion, and hence

the condition of the channel conductance from "0" to "1".

Following the recent discussion by Petrovsky et al. 14 this can

be expressed as

Eth = [4kTN ln(N/ni)/(EO es)]1/ 2  (3-2)

U where k is the Boltzmann constant and N, ni , Es are

concentration, intrinsic concentration and dielectric

constant respectively of silicon. Also, modifying equation

(3-1), for the field strength caused by spontaneous

* polarization to be sufficient for effective modulation of the

semiconductor surface potential, one hasU
Ps/(E0 Es) > Eth. (3-3)

The Ps term in this expression also corresponds to the

3 saturated value of polarization achieved at the switching

*27



I
voltage. After switching, the polarization condition relaxes
to the remanent value Pr, which when inserted in equation (3-

3)defines a "holding field" for retention of the stored "1".

Returning to the treatment by Petrovsky et al. 14 , one can

also express a relation for the values of the characteristic

fields in the FEMFET device, as follows n

Ps/(E0 Ei) < EC < EA < EB 3-4)

where EC is the coercive force, EA is the field in the

ferroelectric created by the applied voltage, and EB is the 5
breakdown voltage. The expression Ps/(EO Ei) has been

suggested as a figure of merit for FEMFET type devices. This

expression appear-s to be more appropriate than the ratio
Ps/(-0 Ci EC) proposed by Scott. et al. 6 for capacitor

memories, which characterizes the ratio of non-linear I
switching response to linear non-switching response.

Petrovsky et al.14 have used relations (3-2), (3-3) and (3-4)

to derive the representation shown in Figure 3-4, which shows 5
limits of the permissible area of FEMFET operation, assuming

different values of permittivity for the ferroelectric film.
The area shown is for EB = 5.106 V/cm, EA - 106 V/cm, EC -

5.105 V/cm, Es (Eth) = 4.103 V/cm .(N - 1014 cm- 3 ), for the

range Ps/(E0 Ci) - 4.103 - 5.105 V/cm.

3.3.3 Origin and Role of Depolarizing Fields I

It has been pointed out 15.16 that the metal-ferroelectric-

semiconductor (MFS) configuration, despite its advantages for

low-power NDRO operation, is extremely susceptible to 3
instabilities due to high built-in depolarizing fields. This

situation has been studied theoretically and experimentally,

especially with reference to ferroelectric TGS layers on I
silicon substrates. In the conventional metal electroded
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ferroelectric capacitor geometry, the reverse depolarizing

field which tends io reduce the. polarization, is largely
compensated by charges in the electrodes. However, when one

of the electrodes is a rather lightly-doped semiconductor (
as is the case with FEMFET devices) band bending qVb (see

Figure 3-5) near the surface gives rise to a depolarization

field in the ferroelectric, which under short-circuit
conditions is given by the band bending divided by the

thickness of the ferroelectric. For majority-carrier
depletion, Vb is related to the total charge Cs in the space

charge region and can be shown to be given by

Vb - 2,T(Cs)2/e q NA (3-5)

where C - 6 is the dielectric constant for silicon, q is the

magnitude of the electronic charge, and NA is the acceptor

density in the Si electrode. Using photo-illumination to vary
the compensation-charge extension in the silicon electrode,

Wurfel and Batra 16 were able to confirm modeling predictions

that t-he depolarization fields can reduce the intrinsic

polarization, and for sufficiently thin films lead to

polarization instability. Also, calculations by Batra and

Silverman 17 for TGS-based structures would suggest that the
values of depolarizing field can range -from about 104 V/cm

for carrier concentrations of 1017 /cm 3 to 107 V/cm or higher
for uncompensated conditions arising from doping levels

around 1015 /cm 3 . The latter field values are in excess of

the dielectric breakdown strength for most ferroelectric

materials.

It is clear that the situation just described does not apply

to gate voltages which lead to majority carrier accumulation
at the semiconductor surface, or in other words to an "off"

or "0" memory state. For this condition, as shown by

Sugibuchi et al. 4 , the 'value of the depolarizing field is

well below the activation field needed for film switching.
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Also, under low-frequency test conditions or under photo-
illumination, where thermal generation of minority carriers

or photo-generation of carriers, can enhance the total

surface charge density in the silicon, the depolarizing field

is effectively compensated. A simplistic application of the

above arguments to our experimental structures, comprising a
ferroelectric BTO 'film sandwiched between an aluminum gate

electrode and a lightly-doped silicon substrate, leads to i
some additional operating limits with reference to those

indicated in Figure 3-4. Thus, the depolarizing field in the
ferroelectric, Ef , must lie significantly below the Ec limit

(in Figure 3-4) in order for the remanent polarization and
stored information to be stable. The fact that Ec values for

thin films of BTO tend to be uniformly higher than those for

bulk crystals by two to three orders of magnitude helps this

situation, but also increases gate operating voltages and

power requirements.

In the present studies (see section 3.6.4, we have seen

instabilities (loss of retention) in charge stored in metal-

ferroelectric-semiconductor test structures based on both BMF
and BTO layers; however, these effects have usually been

observed as shifts of threshold voltage in CV plots and not
as loss of remanent polarization (Pr) in the ferroelectric

films. For this reason, we feel that the actual depolarizing

fields present in our, structures must be significantly
smaller than those estimated in the studies of Batra et

al. 16 . 17 on TGS based structures. Before discussing the

experimental data (see section 3.6.4) obtained in this phase

of the program, we briefly consider some possible reasons for
the apparent low values of depolarization field, Ef, in our

test devices. 5
3.3.4 Some Aspects of Practical FEMFET Structures 5
The practical FEMFET designs and test structures that have
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emerged during this program now contain features (or

operating conditions) that may invalidate models such as

those developed by Batra et al. 1 7 to explain depolarizing

effects in TGS-based MFS structures. These features are

described in greater detail below, where the properties and

electrical optimization of multi-layer devices are

considered. Suffice to say at this point, that in practice we

are dealing not with a simple ferroelectric sandwich

structure, but with a three- or four-layer structure of the

type metal-electrode/cap- layer/ferroelectric/(diffusion-

barrier)/buffer- layer/silicon. Each of these layers plays a

key role in successful device operation. Thus, the buffer
layer (SiO2) suppresses tunnel-injection of carriers from the

silicon, which would otherwise allow slower SONOS-type

operation to dominate. The diffusion barrier (e.g. Si3N4)

blocks migration of mobile species associated with electrical

instability. The ferroelectric layer stores polarization

which modulates the surface potential of the silicon, and the

cap layer (SiO2) blocks intergranular leakage under

electrical bias from the gate. While the detailed

consequences of such multi-layer configurations are discussed

later, we now 'consider briefly the general effects to be

expected, particularly with reference to depolarization and

stability of stored charge.

First, extending on the points raised above, the significance

of depolarizing effects in a simple

metal/ferroelectric/semiconductor structure will clearly

depend upon the mode and speed of operation. For applied

field polarity leading to the depletion condition illustrated

in Figure 3-5, at frequencies higher than 10 Hz, positive

-values of polarization are completely unstable due to the

high depolarizing field. To obtain symmetrical, and

completely saturated loops under dark conditions, frequencies

of about 0.1 Hz must be employed, to allow time for thermal

generation to build up charge near the surface of the

I
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silicon. Translating'this to FEMFET operation, an undesirable

long write-pulse of several seconds duration would have to be

sustained in order to invert the channel region to a level

necessary to compensate the depolarizing field.

Next, consider why depolarizing effects appear not to be

significant in our BTO (and BMF) multi-layer structures? We

believe that this may be attributable to differences in the 3
ferroelectric film microstructure (cf. the TGS structures

Wurfel et al. 16 ) and to the presence of several additional

interfaces in our devices. The TGS films produced by melt- or

solution-growth methods, contain large-area continuous

single-crystal regions, with very pronounced shape

anisotropy. Long-range cooperative interaction of the dipoles

in such structures (which conform more closely to the

idealized film model) might be expected. to generate and

sustain depolarizing fields approximating the theoretical

value (4RPs). In our BMF and BTO films, we are dealing with

roughly equi-axed granular structures, with the individual

grains approaching 1 micron in size. Due to the large thermal

expansion mismatch relative to silicon, the grains are

frequently separated by cracks or fissures. Thus, we have a

loosely-coupled granular array, with only weak long-range

interaction (and no domain coupling) occurring during

polarization switching. The depolarizing field for each

individual grain is of course very small, and may be 3
completely overwhelmed by other internal field effects such

as stress-induced (or piezo-electric) fields. 3
Even if strong ferroelectric coupling were possible in these

granular film structures, the interfaces present in multi-

layer structures of the type considered here might be

expected (as discussed by Lines and Glass 18 ) to lead to space-

charge accumulation at boundaries with the ferroelectric

layer, and thus to compensation of the depolarizing field.

The specific roles of component layers, for example, in
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enhancing breakdown .strength, reducing tunnel injection and
modifying the field in the ferroelectric, are considered in

Section 3.2 above.

3.3.5 Stability Effects, Mobile Ions, Etc.

As mentioned above, our results on both BMF-based (see
Interim Reporti) BTO-based (see section 3.6.4) FEMFET
structures thus far have indicated that, while retention of
remanent polarization Pr is in many cases adequate, the width

of the C-V memory window shrinks with time, leading to poor
retention. The mobile-charge drift mechanisms which appear to
be causing these degradation effects1 9 are not yet properly
understood. Large shifts in flat-band voltage produced by
drift of alkali ions to the oxide-silicon interface, were
observed early in the development and passivation ( with
thermal SiO2) of silicon devices 7 , and were eliminated by

resorting to high-purity fabrication practices. However,

relatively little is known about mobile ion effects in multi-
layer dielectric structures in which the component films are
processed primarily by vapor deposition approaches.

The results presented in this report (see section 3.6.4) show
that striking improvements in (C-V window) retention are
achieved by substituting more refractory ions in the
ferroelectric oxide crystal structure. Exploration of such
"doping" effects for ferroelectric memory films was prompted

by earlier studies on ceramic ferroelectrics by Jaffe et al. 20

which showed that addition of Nb to perovskite-type lead-

based ceramics resulted in a marked reduction. in
conductivity. More recently, the basis for such doping
using e.g. La 3 + to substitute for divalent A-site cations and
Nb 5 ÷ to substitute for tetravalent B-site cations in
perovskite ferroelectrics, has been analyzed by Smyth21 .

Several workers 22.23 have successfully applied the approach to
PZT ferroelectric films used for capacitor-type memories, and
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were able to demonstrate signific'ant reduction in fatigue.

Substitution with higher-valence dopants seems in pauticular
to lower the occurrence of positively charged mobile oxygen

vacancies, which can readily develop in thin films at

elevated thin film deposition temperatures due to chemical

reduction and loss of volatile oxide constituents.

If mobile positive charges are in fact present in the as
-deposited ferroelectric BTO layers fabricated in our FEMFET

device structures, the work by Smyth 2 1 suggests that they
could readily migrate under the action of the internal fields
(104 -105 V/cm) that probably exist during memory storage. In

our case, this could lead to progressive build-up of trapped
fixed po-.tive charge at the ferroelectric/buffer interface,
which is expected to cause the observed (see section 3.6.4)

asymmetric shrinkage of the C-V memory window. The internal
fields arise from Pr dipole alignment (cf. Figure 3-18) but
may also be attributable to depolarizing fields and/or to

piezo-electrically induced effects. In particular, we have

found that residual stress in aluminum gate electrode films
on BMF layersi can be high enoug.h to completely suppress
formation of a C-V memory window.

Although our experimental observations in this report suggest
that loss of retained memory is primarily due to field-
induced charge migration within the ferroelectric layer,

instabilities caused by other components in the multi-layer
FEMFET structure cannot entirely be ruled out. For example,
we have observed that both the methods of fabricating buffer-

. capping- and barrier-layers, and the choice of materials

for these layers, can have a significant influence on
switching and memory storage properties. As a case in point
the dielectric leakage and breakdown behavior of SiO2 thin

films used for capping the ferroelectric, are markedly
superior for layers prepared by LTCVD than for layers

prepared *by plasma- or sputter-deposition. An extensive
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I literature exists on the mechanisms of charge trapping and

bias-stress-induced instabilities in oxide-nitride type FET

structures. 2 4.2 5  While these studies are useful in defining

gate-bias and temperature conditions, and mobile chemical

U species (e.g. hydrogen), that may initiate current leakage

effects, it is important to remember that they pertain only

I to high-field ( > 1 MV/cm ) gate-bias modes that exist

briefly when the memory device is being addressed. Here, the

Idramatic retention improvements achieved by doping the

ferroelectric layer, and the fact that the original charge

migration must have occurred at much lower residual fields

(with no externally applied gate bias), imply that the

intrinsic dielectric quali.ty of the ferroelectric plays the

I key role in relation to memory window retention. This, of

course, is only true provided that the remaining Si02 and

I Si3N4 layers in the FEMFET are adequate to perform their

functions.

U
3.4 Materials and Device Structures Considerations

In the program originally proposed, two thin-film

I ferroelectric approaches for FEMFET devices were described,

the first based on barium magnesium fluoride (BMF) and the

second on bismuth titanate (BTO). Previous Westinghouse

Iefforts on MIS test structures had indicated that BMF films

were not only highly compatible with the silicon surface, but

Icould yield excellent memory window properties with long-term

operation stability. It was already known that in the case of

BTO films, further efforts would probably be required to

overcome certain interface problems and to control

l ferroelectric switching behavior. Thus, the BTO technology

initially was relegated to a backup role on this program.

IDue to parallel recent Westinghouse-supported IRAD efforts

(see Appendix D) on bismuth titanate (BTO) in MIS device

3
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structures, the device potential of BTO films (relative to

BMF films) appeared promising, so that we focused on this
material and other oxide ferroelectrics for our FEMFET memory

development efforts during a second phase of the subject

contract. Recall, from earlier research on STO structures by
WU3 at Westinghouse and Sugibuchi et al. 4 at Nippon Electric,

in addition to recent studies by the present authors 5 and
Kalkur et al.26 , that in MI(Si) devices based on BTO films

deposited or annealed at high temperatures, polarization
reversal (at least at lower frequencies, i.e. < 1 kHz) is

dominated and rate-limited by charge injection and trapping
from the semiconductor into the ferroelectric. To suppress

this tunneling injection, so that normal high-speed
polarization switching can dominate, it is necessary to

insert a high-quality dielectric buffer (or barrier) between

the silicon and the ferroelectric layer. In operation, part
of the voltage applied to the MIS gate electrode is now

dropped across this dielectric buffer layer, so that the
field available for switching the ferroelectric is reduced.

The development of high-quality Si02 and Si3N4 layers for

SONOS-type memories and for control of interface states, is a

technology in which Westinghouse is a pioneer and world

leader. The key issues in the oxide-type FEMFET device

structure considered here are to maintain the control and

perfection of such buffer layers, while also incorporating a

high-quality switchable ferroelectric oxide layer on top.

During the past three years, rapid proqress has been made in

the deposition and optimization of a wide variety of

ferroelectric oxide film compositions 27 , using growth

techniques such as rf sputtering, ion-beam sputtering, MOCVD,

pulsed laser deposition (PLD) and sol-gel growth. Most of
these approaches have been developed in response to the needs

for relatively rugged ferroelectric capacitor structures in

integrated DRO memory arrays. Insertion of ferroelectric

films by such techniques into NDRO FEMFET structures requires
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more careful control of thermal and chemical processing
conditions in order to avoid degradation of both the
semiconductor interface and the ferroelectric layer itself.

As indicated in the following discussion, if such control can
be achieved ,the FEMFET approach might readily be extended to
a much wider range of oxide ferroelectrics, and in particular
to materials offering easier processing together with a more
attractive combination of chemical stability and
ferroelectric and dielectric properties.

3.4.1 Ferroelectric Thin film Material Options

Table 3-1 shows a brief listing of ferroelectric materials
which have been prepared recently in thin film form, by bofth
vapor deposition and sol gel techniques, to yield materia.'Is
displaying varying degrees of ferroelectric activity. The
data shown for permittivity , remanent polarization and
coercive field are for selected film samples described in the
literature. These numbers are not intended to be
representative either of the material or the deposition
technique, and in some cases differ widely from bulk values.
They are used here simply to develop some criteria by which
the relative merits of materials for insertion into FEMFET
devices can be evaluated.

To compare the effect of polarization and dielectric
parameters on the magnitude of the memory window, we assume
an MIS structure with a total buffer layer thickness
(including silicon oxide and nitride) of about 300A, and a
cap layer thickness of 500A, typical of what were used. The
ferroelectric film thickness is assumed to be 5000A (which
also is reasonably typical of 8TO films used). with an a.c.
or pulse signal applied to the gate, the voltage will divide
between the ferroelectric and non-ferroelectric layers of the
gate insulator in inverse proportion to their effective
capacitance. For simplicity, we assume an applied signal of
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+1OV or - 1OV. The* ratio of fegroelectric layer to non-

ferroelectric layer capocitances, Cf/Cnf , can be derived

from the permittivity and thickness values, and is listed in

the table. From these data we obtain the voltage , Vf, and

field Ef across the ferroelectric, which can be compared with

the coercive field Ec (usually listed for a fully saturated

3 loop). With the exception of bismuth titanate and lithium

niobate, few experimental data are yet available for MIS or

FEMFET structures incorporating these thin film dielectrics

as a gate insulator.

Although in all the cases listed in Table 3-1 the need for a

separate oxide barrier to suppress tunneling is assumed, this

assumption may not be valid. For example, in the case of
LiNbO3 the recent studies by Rost et al.11 using sputtered

films as the gate dielectric, have claimed that switching

proceeds by the normal polarization reversal process, without

occurrence of charge injection into the ferroelectric film.

To explain this observation it is asserted that the lithium
niobate film , during deposition, is relatively unreactive

towards the silicon surface, and thus there is a reduced

tendency to generate a thin oxide tunneling barrier at the

semiconductor/dielectric interface. It is clear from results

emerging in the literature that each ferroelectric oxide film

material, depending on deposition conditions, will probably

generate its own set of interfacial chemical and electronic

artifacts when grown directly on silicon. In recognition of

this problem, Westinghouse has sought to simplify the

interface situation by using , for all ferroelectric oxide

films studied in this program, a standard buffer structure

approach based on silicon oxide/nitride.I
3.4.2 Influence of Processing and Structure /

Critical Parameters

Using the data in Table 3-1, we derive a preliminary summary
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of expected relative performance, comment on the usefulness

of the parameters listed, and suggest directions of research

on processing and the device structure which should lead to

optimization of FEMFET performance. At first sight, for the

buffered and capped structures assumed here, a combination of

low permittivity , low coercive field and reasonably high

polarization appear to offer the best performance. From the

first two of these parameters, the ratio of the field across

the ferroelectric to the coercive field, Ef/Ec, can be

estimated as a switching figure of merit. This field ratio is
highest for LiNbO3, but also exceeds unity for five of the

other materials (although the situation for BTO varies widely
with the reported values of Ec). It is lowest for the PbTiO3

-based ferroelectric films, due to the higher values of
permittivity. Although the ratio Ef/Ec defines the ease of

storing information in the memory during operation, it

ignores the problem of retaining the information. For good

retention, as discussed above, Ec should be higher than the

depolarizing field. With this problem in mind, in Table 3-1

we list additionally estimated values of the operational

figure of merit Pr/E.

A high switching FOM value, as defined by the field ratio
Ef/Ec, should ensure that the effective Pr displayed by the

ferroelectric gate dielectric will be equal to, or approach ,

the numbers listed in Table 3-1. However, it should be
remembered that to obtain these values of Pr in practice, we

must apply a total switching voltage which significantly

exceeds Ec. Thus, it is important that the value of the

switching voltage needed for saturation also should be low.
In materials with high values of Ps, such as LiNb03 (71

.C/cm2 ) and BTO ( 50 pC/cm2 ), partial switching of the

polarization probably is adequate for operation of the

FEMFET. In the case of the hysteresis loop, this would

correspond to a minor loop condition ( see e.g. the family of

loops shown for BMF films in the Interim ReportI. The numbers
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quoted in Table 3-1 for seve~ral cas clearly correspond to

partial switching situatias. In Figure ý-t we illustrate a

plot of remanent polarization (after switching) vs. switching

field, Esw, for a recent BTO film deposited (by "lsed laser
deposition; see Appendix D) on a platinum-coateA substrte.

Although the highest value of Pr recorded for this ratwdomly

oriented film structure was about 25 gC/cm2 , the lowest
value, corresponding to a- switching field of 225 kv/cm ( and

Ec - 43 kV/cm ) was about 2.5 gC/cm2 . This number is still

somewhat higher than that required to operate the YEMFET

device (see Section 3.6.4). However, the switching field of

225 kV/cm would correspond to a required gate address voltage

of about + 70 V , if buffer and capping layers of the type

assumed for Table 3-1 were to be employed. In view of this

analysis it is surprising that'our MIS measurements with BTO

fl have yielded significant CV memory windows with address

voltages of ± 20V. We can only conclude that sufficient

3 switching of the low coercive-field c-axis component of the

polarization may be occurring at much lower applied field
* values.

From the analysis just given for BTO gate dielectrics it is

clearly desirable to develop processing approaches, both for
BTO and for the other ferroelectrics listed in Table 3-1, to

I increase the field in the ferroelectric film component and/or

to decrease the switching fields needed to reverse the

polarization. One approach to increase the field in the

ferroelectric, would be to replace the silicon oxide/nitride

buffer and cap component layers with high-permittivity layers

(such as amorphous ferroelectric films). Unfortunately, most
of the candidate materials are known to exhibit markedly

inferior properties in relation to current leakage and
breakdown strength. Lowering the switching field, and/or

changing to another ferroelectric such as LiNbO3, which in c-

axis oriented films seems to show unusually low values of

coercive field (cf. Table 3-1 ) would appear to be the main
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S option available to us. However, c-axis films of LiNbO3 are

only achieved on (lll)Si, which is not used in standard CMOS

processing. It is well known that some ferroelectric films,

such as PbTiO3, PZT, PLT and BTO, can exhibit significantly

lower coercive fields in epitaxial structures, as summarized

in Reference 27. However, to incorporate this concept in the

I FEMFET device we would need to employ epitaxial buffer layers

such as YSZ, MgO or MgAI204, which would also have to

function as effective tunneling barriers'. Preliminary

I experiments with high dielectric constant and epitaxial

buffer layers and alternate oxide ferroelectric materials

were attempted late in this program. No success has yet been

achieved with the alternate buffer approach. MIS structures

I with lead germanate (PGO) gave the largest memory windows-but

retention was poor. Large memory windows and good retention

I were achieved with PZT used in FEMFET gate stacks (see

section 3.6.4 for details of these results).

3.4.3 Retention Properties and Device optimization

I At the start of this effort on MIS BTO structures it was

shown that, although greatly superior to that of BMF

structures, retention properties with BTO in general still

fell far short of the program goals. In the latest work near

the end of the program, two aspects were targeted in an

effort to improve retention. The first of these involved an

effort to reduce mobile charge migration in the BTO layers

I through the La and Nb doping approaches referred to above.

Although this approach has not yet been optimized, it has

already led to marked improvements in retention19 . The second

approach involved a change in the process used for

E fabricating the capping layer, from LPCVD to rf magnetron

sputtering. It had been suspected for some time that the

release of atomic hydrogen in the silane-based LPCVD process

might be causing deleterious chemical reduction of the BTO

film surface. These changes have resulted in startling

I
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Figure 3-8: Scaled Pulsed Laser Deposition(PLD)

Deposition Chamber Showing Capability to

Coat 4-Inch CMOS Wafers.
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I

the uniformity was -3%, -7%, and -24% over 2-, 2.5-, and 3-

inch diameter areas, respectively. The drop in thickness at

I approximately 3-inch diameter is consistent with the

observation of the interference fringe observed in Figure 3-

8. Further improvement of uniformity could have been

achieved, at considerable expense, by automatically scanning

Im the laser beam over the target surface, but was determined

not to be necessary for the present program. See section

3.6.3 below for good results of electrical measurements (CV

memory windows) of BTO gate stacks, suitable for FEMFET

devices, fabricated on a 4-inch wafer; where the BTO layer

was deposited using the above large-area PLD apparatus.

Typical PLD deposition parameters used to deposit oxide-

ferroelctric films on 4-inch wafers were laser energy density

of 1-2 J/cm2, pulse repitition rate of 10-30 Hz, and partial

02 pressure of 200mTorr. Most of the films were deposited

using a one-step temperature process involving depsoition at

450-550C to adhieve crystallization as-deposited, without the
need for a post-deposition oven anneal. Some films were

prepared using two-step temperature processes involving
deposition of an amorphous film at low temperature (25-350C)

followed by a rapid thermal anneal (RTA) at.high temperature

(600-750C) for a few seconds. Appendix A lists details of
the PLD deposition parameters for oxide-ferroelectric films

deposited on 4-inch wafers used for various device processing

evaluations (see section ) and electical testing (see

results in section 3.6.4).

I 3.6 Electrical Testing

3.6.1 Generic Ferroelectric Memory Gate Structure

The conductor (metal)-insulator-semiconductor (MIS) device is
ani extremely useful tool for the development of semiconductor

5 integrated circuits. Since the reliability and stability of
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all semiconductor devices are intimately related to their

surface conditions, an understanding of the surface physics

with the help of MIS devices is very important during device

development. The MIS structure of Figure 3-11 has d as the

thickness of the insulator and V as the applied voltage of

the conductive plate. In this discussion we use the

convention that the voltage V is positive when the conductive

plate is positively biased relative to the semiconductor body

via the ohmic contact, and conversely. The total capacitance

C of the series combination of the insulator capacitance Ci I
(=Ei/d) and the semiconductor depletion-layer capacitance CD

is:*

C = (3-6)
Ci +CD

For a given insulator thickness d, the value of Ci , is

constant and corresponds to the maximum capacitance of the

series combination.

Figure 3-12 illustrates typical CV behavior in N-channel

devices with a p-type body. Where the gate is negative

relative to the p-type body, there is an accumulation of

holes and a high differential capacitance for the

semiconductor. As the negative voltage is reduced

sufficiently, a depletion region that acts as a dielectric in

series with the insulator is formed near the semiconductor

surface, and the total capacitance decreases. For cases
where the mobile 6lectrons are able to follow an applied ac

signal, the combined series capacitance goes through a

minimum and then increases again as the inversion layer of

electrons forms at the surface. Note that this increase of

capacitance only happens at very low frequencies where the

recombination-generation rates of minority carriers

(electrons, in our example) can keep up with the small ac

signal in step with the measurement signal. Cons-equently,"
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m

m for higher frequencies, MIS curves do not show the increase

of capacitance as the gate voltage goes positive relative to

the p-body, as in curve (b) of Figure 3-12. For the deep

depletion condition, usually associated with pulse operation

as in a CCD, curve (c) of Figure 3-12 shows an even further

reduction of capacitance due to a greater depletion depth.I
Various mechanisms operate to provide the equivalent of a

sheet of charge in the vicinity of the silicon-dielectric

interface. Figure 3-13 (Figure 3-2 repeated for convenience

of the reader) shows the shift along the voltage axis of a
high-frequency C-V curve when positive or negative charge Qf

is present at the interface, measured relative to an. ideal C-
V curve where Qf - 0. A positive Qf causes the C-V curve to

shift toward more negative gate bias values for both n- and3 p-type transistor bodiec. -- I conversely. Identifying the
charge Of with the effective reversible surface charge of a

polarized thin film cf fr:,.:roelectric material, Figure 3-13

directly suggests the programming method for a ferroalectric

memory FEI (FEMFET); illustrated schematically, in Figure 3-

14 with emphasis on the ferroelectric spontaneous
polarization (Ps). When the gate (conductive plate of Figure

m3 3-11) is positive relative to the transistor body, the

reversible ferroelectric spontaneous polarization switches3 orientation so that the negative electric dipole changes are

adjacent to the positive gate forcing the positive electric

dipole charges to be at the silicon interface, and

conversely. Switching the ferroelectric dipoles in the gate

region. of the FEMFET is equivalent to super-imposing the

right and left curves of Figure 3-13, and is shown at the top
in Figure 3-15.

Early investigation of the FEMFET used the test cross section

m shown in Figure 3-15 to evaluate the behavior of highly-

oriented ferroelectric films on silicon for use in

m nondestructive readokt (NDRO) nonvolatile memories. In the
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upper right corner 6f Figure 3-15' typical results are shown
of an unstressed BMF ferroelectric film without any annealing

or other processing after film growth. It incorporates many
features of the C-V curves of the preceding description. The
most prominent attribute is the 10.8V threshold shift
(generally called the "memory window") in response to the
±10V programming. The C-V hysteresis loop was scanned at the
rate of 75mV/s at room temperature, with its clockwise trace
indicated by arrows. The (-10V) bias polarizes the
ferroelectric film with negative sheet charge near the
silicon, turning "off" the associated N-channel MISFET, and

conversely. Combining the 10.8V threshold shift with the
(maximum) dielectric capacitatice and the area of the memory
capillary gives a charge change of about 1012 electrons per
square centimeter. Although that charge density of about
0.16 gC per cm2 is much smaller than typical ferroelectric
spontaneous polarization values, the net effect on the FEMFET
is more than adequate for fast-read (50 nsec) nonvolatile
memories. Also, note that the 10.8V memory window results
from the application of ±10V programming bias. The 10V

programming shown in Figure 3-15 derives mainly from the film
thickness exceeding 400 mm for an approximate programming
field around 250 KV/cm. The FEMFET structure, however, is
quite amenable to scaling. That is, a thinner ferroelectric
film should allow reducing the programming bias to lower
values, e.g. 5 V for ferroelectric films around 200 mm or
less in thickness. Because of the scan rate of 75mV/s, all
of the above results are representative of saturated rather
than partial programming that might occur in the case of

programming pulses of shorter duration and/or lower fields.

3.6.1.1 Novel Testing Approach for Predicting Data
Retention in Nonvolatile Memory Transistors

In Figure 3-15, there are two types of hysteresis curves: at3 the top right in the figure is the the C-V hysteresis loop
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(characteristic of semiconductor nonvolatile NDRO memory) and

at the bottom right is the field-polarization hysteresis plot

(of the Sawyer-Tower kind). Notice that the C-V hysteresis

curve goes through two minima: first as the gate voltage

sweeps from negative to positive, increasing again as the

inversion layer of electrons forms at the surface, then also

with the opposite sweep applied to the gate. For the

traditional C-V dot structure, the increase in capacita.nce in

both directions from the minimum occurs only at very low

frequencies or other conditions where the generation rate of

minority carriers (electrons, in our case) can keep up with

the small signal variation and lead to charge exchange with

the inversion layer in step with the capacitance measurement

signal. Another way of providing adequate minority carriers

for that interaction with the inversion layer is to

incorporate a grid of the opposite type of doping (cf. Figure

3-15). Such a grid is essentially the same as the regular
"source-drain" doping used for the associated FETs. This

gridded wafer configuration for testing nonvolatile memory

gate stacks by means of C-V dots provides significant

advantages over unpatterned wafers for that application.

Figure 3-16 illustrates a typical hysteresis curve using

gridded wafers with an earlier bismuth titanate (BTO)

ferroelectric memory gate stack. Notice that the minimum

during the forward sweep from +10V to -10V occurs at about

-3V, while that for the reverse sweep occurs just below +3V

for an approximate memory (threshold) window of almost 6V.

Typically this memory window collapses (loss of retention) at

"a very slow rate.(about 0.25V to 0.33V per decade of time for

"a 1v-programming SONOS EEPROM memory gate stack at room

temperature). That is, the depletion threshold moves toward

the enhancement state and the enhancement threshold moves

toward the depletion state with some characteristic closure

rate. This is illustrated in Figure 3-16 with the arrows

labelled "Probable Vth Shifts". The associated memory stack
capacitance, Cg, shifts are likewise indicated in the figure
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with the labels "Probable Cg Shifts1 '.

In a traditional NDRO nonvolatile memory chip, the memory

stacks (where the data are stored) experience NO externally

applied or internally generated voltage bias during the long

periods of time when data are not being written into or read

from the storage locations. Consequently, any retention test

should use the same bias conditions during the waiting times
between programming and readout. That is, the overlying

conductive gate is DC biased to the same potential as the
underlying semiconductor during those waiting times.

Applying this boundary condition requirement to the case o-f
using C-V dots to predict retention means that the C-V dot

capacitance is measured at zero bias as a function of time.

Indeed, this is the action indicated in Figure 3-16 by the
instructional label "record Zero-Bias Cg versus time".

3.6.1.2 Conversion From Cg to Apparent Gate Voltage
Shift and Thence to Inputed Flatband Shift

The data recorded in the manner indicated in Figure 3-16 are

simply time histories of the capacitance of the C-V dots for
the two oppositely programmed states of the memory stack at

the temperature at which the device was held during the time
of the tests. We further assume that the time required to

record the hysteresis curve was extremely short compared to
the duration of the C-V time histories; so that any recorded

threshold drift caused by the measurement represents a truly

negligible perturbation on the hysteresis curve.

Consequently, the hysteresis curve can be used to transform

the timed sequence of zero-bias capacitance values into a
timed sequence of "apparent gate voltages", or equivalently
a history of apparent gate voltage shifts as a function of

time, as implied in Figure 3-17. In reality, of course, the

bias across the capacitor has remained steady at zero volts.
As illustrated in Figure 3-18, a "historical record of
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I

apparent gate voltagfe shifts" is actually the measurement of
* . the effects of mobile charge within the memory stack

structure. Notice that the ferroelectric polarization

direction has been programmed UP by applying a negative bias

to the overlying conductive gate. This results in a POSITIVE
charge sheet near the top of the ferroelectric layer and a

INEGATTV charge sheet near the bottom of the ferroelectric
layer. Often, mobile charges include more than one species;
but an important one in many oxide-type ferroelectrics is the
cxygen vacancy, which behaves like a positive mobile ion.
The resultant internal electric field tends to move these

positive mobile ions toward the semiconductor, as indicated
with the smaller arrows. As more and more such positive

mobile ions migrate and come to stay near the surface close
to the semiconductor, they compensate the negative sheet of
charge associated with the ferroelectric polarization
direction. Compensation of some of the charges in that
negative charge sheet nearest the semiconductor by the
positive mobile ions tends to shift the threshold voltage
negatively from enhancement toward depletion for an N-channel

MISFET.

I Next, Figure 3-19 illustrates calculating the imputed
flatband voltage (versus time) by subtracting the apparent
gate voltage shift from the initial flatband voltage. This
step is a simple subtraction and gives two numerical
sequences as functions of time: one describing the imputed
flatband after positive programming and the second describing
the imputed flatband after negative programming. Plotting

both on a logarithmic time scale immediately reveals the rate
at which the memory window (the difference between the two
lines) is decaying. A typical result from the above process
is illustrated in Figure 3-20. These early results for a
bismuth titanate (BTO) memory stack imply that a FEMFET with
that characteristic could not be read to discriminate the

memory state originally programmed after about 1,000 minutes,
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because the two statps had 'essentially drifted to within less1

than 0.1 volt of each other.

3.6.1.3 Validation Using AON1S FEPROM •-oduct 1

To determine whe he r the above method of imputing memory

window decay is Val.4d or not, a known and well-documented

reference must b4 Aia • -ured by the abc.ve lechnique. The

technique then can b assumed valid if the results and

conclusions from thelhew technique agree with the memory

retention results obtained using EEPROM industry standard

test techniques. Westinghouse ATD, Baltimore, MD 3
manufactures SONOS EEPROMs for various United States

government users. These are thoroughly tested by Sandia

National Laboratories, under a variety of stringent

conditions involving elevated ambient temperatures and high-

energy irradiation. The technique described above was l
applied to a memory stack capacitor fabricated over a "N-"

tub characteristic of a P channel SONOS FET. The results are 3
given in Figure 3-21. The negative threshold state

corresponds to the "CLEAR" state in the usual N-SONOS EEPROM,

while the positive threshold state corresponds to the "WRITE"

state in the usual N-SONOS EEPROM. Notice that the drift of I
the "CLEAR" state was imputed to be ll4mV/decade of time,

while the drift of the "WRITE" state was imputed to be

252mV/decade of time.

Because of the very slow scanning of the CV instrument, the

resultant programming of the memory stack and the imputed

drift must be associated with "saturated" programming, in

contrast to the faster programming used when the EEPROMs are

built into fieldable equipments. The latter scheme uses 10V

for 7.5 msec. for "clearing" and 2.5 msec for "writing"

When these pulses are used for testing transistors identical

to those in the core of the EEPROM memory array for times out

to 100 seconds, the retention measurements by Sandia National
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Laboratories gave a memory window of 1.74 V. ± 0.123 V., with
a decay rate of 120 mV/decade of time ± 28 mV/decade of time.

The threshold voltages for the time dependent memory window

decay are the gate-to-source voltages needed to give a drain-

to-source current of l0IA. Substantial previous experience

on similar devices show that decay rates from saturated

programwing invariably exceed those arising from the above

programming pulses described in the product data sheets.
These observations support the hypothesis that saturated

programming gives more charge in shallow traps. Such more

weakly bonded charge can be more easily effected; thus

resulting in a faster threshold drift when compared to the

case of the pulsed programming. The 335 mV/time decade total

memory window decay rate shown in Figure 3-21 for saturated
programming is certainly consistent with the experimental
data and the above hypothesis, too. Indeed, measurements on

the same SONOS EEPROM wafer but involving a slightly

different memory-FET gate configuration gave a decay rate of

nearly -350 mV/time decade (as measured in one laboratory
using a semiconductor parameter analyzer, yet only 120 to 140
mV/time decade when measured in another laboratory using

dedicated SONOS EEPROM test equipment).

In conclusion, the test results described above strongly,
suggest that retention predictions based on the new CV

hysteresis drift technique are indicative of actual device

retention measurements using traditional well-documented

schemes. Consequently, NDRO NVM retention predictions based

on the new CV hysteresis drift technique can be used for

statistical process control during ongoing manufacturing as
well as for preliminary development of new NVM gate stacks or

for modifying existing NVM gate stacks.

3.6.2 Application to erroelectric memory FETs (FEMFETs)

The above novel technique for predicting data retention in
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nonvolatile memory transistors, using memory gate-stack

CV-dot hysteresis, was developed after recording some early

FEMFET retention data for a BMF FEMFET, illustrated in Figure
3-22. Notice that in less than 100 minutes the memory window

has decayed to values which would be impractical to use in an
actual memory chip. Parallel related evidence, shown in

Figure 3-23, further confirms a memory retention problem for

the BMF FEMFET gate stack. Based on considerable experience
with SONOS, such a rapid memory window decay was not

anticipated. In order to correct the problem indicated in

Figures 3-22 and 3-23, immediate action was taken in two

directions: 1) Identify the cause of the problem; 2) Devise
alternatives to work around the problem.

The first and simplest test to help pinpoint the cause of the

problem is the experimental measurement of the spontaneous
ferroelectric polarization as a function of time, independent

of other mechanisms that can affect the memory gate stack.
This is most expediently done by the specialized

ferroelectric measurement instrument, the "RT66A" by Radiant

Technology, Inc. The RT66A can measure ferroelectric

capacitors using pulses in much the same way that DRAMs

measure data stored on their internal core capacitors. The
charge needed to "reset" the spontaneous ferroelectric

* polarization to a known direction by means of a known pulse
is recorded. A small charge value means the ambient

spontaneous ferroelectric polarization vector is nearly
aligned with the "reset" vector. A large charge value means

I the ambient spontaneous ferroelectric polarization vector is
nearly aligned opposite to the "reset" vector. Since the

realignment pulse duration is on the order of microseconds,

only the reorientation of the spontaneous ferroelectric

polarization vector occurs in that time period. Such
mechanisms as "charge tunnelling and trapping" or "mobile

charge migration" all take much longer times and often need
the assistance of very large applied electric fields and/or

* 72
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elevated temperatures. Results shown in Figure 3-24 were

obtained from such a measurement taken on a BMF film.

Indeed, the data of Figure 3-24 seem very noisy and are of

little value for conclusively identifying the cause of the CV

memory window drift. These poor results are probably due to

the small polarization achieved for a BMF film on silicon

(see the Interim reporti) under the test conditions, which is

beyond the measurement accuracy of the RT66A test equipment.

Meanwhile, alternatives to work around the problem were

initiated. The main thrust of the alternatives was to

investigate the use of oxide ferroelectrics (starting with

bismuth titanate) in lieu of the fluoride ferroelectric BMF.

3.6.3 Initial Oxide-Type Ferroelectric Memory Gate Stack

Development 3
As discussed earlier in this report, ferroelectric memory

gate stack structures containing SiO2 buffer layers between

the ferroelectric and the semiconductor, are capable of

exhibiting more than one type of switching behavior depending

on their mode of operation. Thus, as originally demonstrated

by Sugibuchi et a1 4 , tunnel-injection (SONOS) type switching

which is confined to low gate operation frequencies can

convert to ferroelectric switching at significantly higher

frequencies. Similarly, our iRAD studies on such buffered

devices revealed a strong dependence of CV hysteresis

behavior on the magnitude of the programming voltage.

Figure 3-25 shows typical CV data for an early gate stack

structure in which the thickness of the SiO2 buffer layer was

100A, while that of the BTO layer was 5000A. An approximate

estimate, based on the bulk values of permittivity for these

oxides, suggests that the buffer and ferroelectric layers
would have roughly equal capacitances, and that any a.c.

v6ltage applied to the gate would therefore divide equally
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I

between the two layers. Figures 3-25 through 3-27 demonstrate
that as the gate programming voltage is increased from 5V to
15V, the mode of switching first is dominated by
ferroelectric polarization reversal in the ferroelectric, and

later by SONOS-type tunnel-injection of charge through the
buffer layer. Thus with increasing voltage, the CV memory
window decreases from a value of about 0.9V (mainly of
ferroelectric origin at 5V programming in Figure 3-25),
through approximately zero (when the charge from the two
mechanisms compensates in Figure 3-26), to about 0.3V (Figure
3-27) when the SONOS mechanism dominates. Note the reversal
of the CV sweep directions indicated by arrows in the figures

which is consistent with this interpretation.

The observation of ferroelectric switching at low voltages

(corresponding to a field of about 50 kV/cm in the BTO
layer), can probably be attributed to the presence of a small
amount of low-coercivity, c-oriented component in the BTO
film. At a 5V address voltage (corresponding to a field of
about 106 V/cm in the SiO2) less charge is generated by SONOS-
type tunnel-injection, and polarization charge dominates. At

higher voltages, the polarization of the small amount of low-
coercivity BTO material is probably already saturated, and
its charge contribution does not further increase. However,

the SONOS charge contribution does increase with higher
tunneling field, and now dominates the CV hysteresis

behavior.

These results are highly significant, in that they illustrate
the feasibility of obtaining ferroelectric memory switching
at low power levels required for oxide-type transistor
arrays. If the quantity of low-coercivity, c-oriented BTO
component could be further enhanced by suitably modified film

processing, such films would offer exciting advantages for
low-power, high-speed memory systems. In view of the
retention problem encountered with BMF in the first phase of
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the program, these results (alongwith the growing evidence

that doped ferroelectric oxides may possesb ptoperties far

superior to those thus far obtained with BMF) provided

motivation to further consider oxide-type ferroelectrics in a

buffered-type gate structure in our search for a stable

FEMFET device in the present program.

As was mentioned above, the early buffered ferroelectric gate

stack memory results above were obtained prior to the start

of the present program cn a Westinghouse IRAD effort and have

been reproted elsewherej. The BTO films used in these

devices were prepared using our PLD apparattus in existance

prior to starting the present progivam, capable of coating

small wafer pieces, and BTO deposition condIitions already

established 3 0 . In section 3.5 above. we described

modifications under the present program to our PLD apparatus
to allow coating 4-inch wafers compatible with our existing

one micron CMOS VLSIC fabrication. The next step in
qualifying the scaled PLD process for wafer scale FEMFET

device fabrication was to examine the uniformity of CV memory
windows obtained for buffered ferroelectric oxide gate stacks

fabricated acros- a 4-inch wafer. Figure 3-28 shows the good

results obtained. At the right in the figure is a schetch of

a wafer and map of the array of memory gate stacks (Al top

electrodes) tested. In this case the wafer ,.as stationary

(no rotation) and solid curved lines on the wafer sketch

indicate interference fringes due to thickness variation

across the wafer. Memory windows measured for each dot
indicated on the map were determined from CV measurements and

plotted in the bar graph in the figure. A reasonably uniform

2V memory window across the wafer was obtained Eor 5v

programming, which was determined to be acceptable for use in

device fabrications required for the program.

3.6.4 Oxide Ferrolectric Memory Gate Stack

Continuing Developmencs
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Before discussing our approach to reducing or eliminating

mobile charge drift effects, it is useful to consider how the

data obtained from the CV hysteresis drift (retention loss)

technique may be influenced by the mechanisms of charge

generation and migration. First, consider the ideal situation

where the charge modulated during ferroelectric switching is

sufficient to cycle the semiconductor surface between states

of complete accumulation ('0') and deep depletion ('1').

Further, assume that there is no mobile ion drift, but that

retention loss occurs only through reductions in stored

polarization (Pr). If the ferroelectric hysteresis is

symmetrical, i.e. not distorted by depolarization or stress-

induced piezoelectric field effects, then the threshold

values ('0' and '1' states) in the CV hysteresis plots should

converge symmetrically with time, with equal or opposite

slopes. Next, suppose that no decay in Pr occurs, but that

retention loss is due solely to positive mobile ion effects

(cf. Figure 3-18). In this case, only the positive threshold

voltage (corresponding to enhancement for an N-channel

MISFET) is affected, and is driven negatively towards

depletion. The negative threshold voltage should be

unaffected. This type of behaviour is in fact observed in

most of the CV drift data obtained for BTO devices, and

appears to confirm our mobile ion hypothesis. Deviations from

this behavior may probably be explained on the basis that

polarization decay may also occur in some cases, or that the

initial programming state was not fully saturated.

Because of our experience with the BMF FEMFETs, we started

using the CV hysteresis drift analysis technique (developed

on this contract) to'predict and monitor memory retention as

soon as the method had been validated. Indeed, the memory

threshold drift shown in Figure 3-20 is truly the earliest

result for one of our initial BTO FEMFET gate stacks. The

data clearly suggest that particular gate stack was not

likely to achieve a retention of 10,000 minutes.
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Furthermore, the hypothesis pictured in Figure 3-18, where

the mobile charges are likely to be oxygen vacancies, surely
obtains for the case of oxide ferroelectrics in the FEMFETs.

Indeed, upon seeing the evidence of mobile charge as
presented in Figure 3-20, a search for reducing or
eliminating that mobile charge problem in oxide based
ferroelectrics was initiated.!
The first steps involved reviewing our previous considerable
Sferroelectric experience as well as discussions with our
consultants, including Drs. Francombe, Krupanidhi, and Don3 Smyth (of Lehigh). The overwhelming consensus involved a
multi-pronged approach: The first approach was to focus on
reducing the number of oxygen vacancies by eliminating any
"reducing environment" exposure of the ferroelectric film
itself. An example of that is the following: In the5 previous section we showed how a suitably chosen sandwich of
silicon oxide plus silicon nitride between the silicon and3 the oxide-type ferroelectric is needed to eliminate the
"tunnelling-trapping" mechanism which opposes the FET
threshold settings by the ferroelectric polarization. The

silicon nitride layer, however, incorporates large quantities
of hydrogen ions, potentially capable of reducing part of the
ferroelectric in intimate contactact with that silicon
nitride layer. For this situation, the corrective action
consisted of thoroughly oxidizing the silicon nitride layer
before depositing the ferroelectric upon it. Other steps
were taken to reduce the numbers of oxygen vacancies, such as

annealing the ferroelectric films in oxygen atmospheres.

The second main approach for eliminating mobile charges was
the use of specific dopings in the ferroelectric materials
themselves. Two candidate dopants were lanthanum and
niobium, based on their wl!7 documented behavior of3 holding/entrapping oxygen ions in the crystal lattice. 20 -23

The third main approach for eliminating mobile charges was

,aA



the use of other oxide ferroelectrics which may be less

susceptible to incorporating mobile charges. Some examples

of materials other than BTO that were tried included PZT and

lead germanate. The results of these various experiments are

now presented. Eliminating any "reducing environment"

exposure of the ferroelectric film itself became the standard I
routine.

Lacthanum-doped bismuth titanate (LBTO) was first to be

tried. Some of the early favorable results are shown in

'igure 3-29, where the lanthanum doping reduces mobile charge

effects significantly. From the figure one can see that an

initial memory window of 1.25V decays quickly in 20 minutes

and then the memory window decays slowly at a.rate of 25 mV/

time decade. With niobium-doped BTO (NBTO) a large initial I
memory CV window was achieved; however, the decay rate
(Figure 3-30) of 349 mV / time decade was faster than for

LBTO

Meanwhile, efforts were made to discriminate between the

effects of the mobile charges and the decay of the
ferroelectric spontaneous polarization, Ps. This is

illustrated in the combination of Figures 3-31 and 3-32.

Thes.e two figures show the decay of the memory window from

two different points of view: That of Figure 3-31 represents

the FEMFET, and shows the total window decay as the

combination of both the ferroelectric remanent polarization, 3
Pr, and the mobile charge. That of Figure 3-32 represents

the ferroelectric capacitor, and shows only the window decay
arising from the ferroelectric remanent polarization, Pr,

relaxation but not the much slower motion of the mobile 3
charge. The latter was explained in section 3.6.2 in

conne-tLon with Figure 3-24. The same Nb-doped BTO CNBTO)

film measured both ways gave results of 146mV/time decade for

t~-. fe-r.-'electric remanent polarization, Ps, as measured by

tte R76.:A "for capacitors only", with microsecond type I
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I

I switching times, but 590mV/time decade when the effects of

mobile charge were included. Indeed, the results of Figure

3-32 show a retention time »> ten years for the capacitor, if

the sense amp has a detection limit of O.lVolt or 4.7nC/cm2 .

Thus, even a partial elimination of mobile charges to reduce

the decay rate to the neighborhood of 250mV/time decade would

yield a reliable memory product usable for numerous

applications.

I In parallel with the above experiments, investigations of

other ferroelectric materials were going on. Figure 3-33

shows the decay rate for an early undoped lead zirconate

titanate (PZT) FEMFET gate stack suggesting good retention

and considerable promise for subsequent development.

3 Switching speed was expected to be dependent on the dopant as

well as other fabrication parameters based on both our

previous experience and advice from consultants. Dr. S. B.

Krupanidhi, at Penn State, made numerous switching speed

measurements on many samples of memory stacks fabricated on

this program. Figure 3-34 illustrates typical switching
speed measurements as recorded on a BMF memory stack. Dr. S.

B. Krupanidhi's measurements on representative samples of *the

oxide ferroelectric memory stacks, given in Figure 3-35, show

* the incorporation of either lanthanum or niobium has the

effect of increasing the switching time over the undoped

bismuth titanate, while undoped PZT has the fastest switching

speed.

1 3.7 8K FERRAM Test Vehicle

5 An 8K FERRAM Test Vehicle was created for evaluation of

FEMFET baseline process integrity. This test vehicle was

created by modifying an existing 4 um test vehicle! from a

Westinghouse/Sandia National Laboratories 8K EEPROM prograin.

5 • This program employed a SONOS (Silicon Qxide Ijitride Qxide
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I

I semiconductor) nonvolatile memory transistor approach. The

Westinghouse FEMFET baseline process was designed to be

compatible with this SONOS technology.

A detailed description of the 8K FERRAM Test Vehicle is
included in Appendix C. Included in this description are:

S- Mask design rules
- FEMFET cross section

* -Mask polarity information
- Mask alignment sequence/tolerances

- Wafer map
- Test structure description/probe pad information3 Plots of test structures

1X projection print photolithography was used for the FEMFET

process. This allowed multiple devices to be placed on each

FEMFET wafer. The 8K FERRAM Test Vehicle maskset was3 comprised of the following devices:

- 8K FERRAM EEPROM 62
- WEC Process Test Pattern 56
- SNL Process Test Pattern 56
- SNL Self Stress Test Pattern

Total die - 180

This maskset featured a full complement of test structures5 for evaluation of the process integrity of the FEMFET
process. These test structures addressed such issues as

performance, reliability, producibility, radiation hardness,

and uniformity of the baseline technology. The key test3 structures were:

-CMOS transistors of varying widths and lengths



,I

- FEMFET transistors of varying widths and lengths

- Gated diodes I
- Metal contact structures

- Sheet resistivity test structures I
- Field parasitic MOSFETs

- Area capacitors I
- SCR test structures

The 8K FERRAM was designed using a four transistor memory

cell. Each memory cell has two FEMFET memory transistors and

two NMOS access transistors. The dual memory transistor

approach results in a much more robust design and is commonly

used in military nonvolatile memory applications.

Differential sense amplifiers are used which can detect

differences in memory transistor threshold voltages as small

as 50 mV. Figure 3-36 shows a diagram of the FERRAM memory

cell. This cell has dimensions of 40 um x 60 um. Design

rules were selected to maximize the producibility of the

FEMFET. The general approach selected was to make design

rules as conservative as possible to allow for flexibility in

processing. This approach allowed a wider tolerance for wet

versus dry chemistry processing. The resulting memory cell

could then be used as a demonstration vehicle for a wide

range of ferroelectric materials. The plan for this program

was to demonstrate a FEMFET process suitable for military

nonvolatile memory applications. Upon successful completion

of this task, design rules would be evolved to allow for high

density memories in the future.

Based on a detailed process review, the following changes to

the original 4 pm memory cell were instituted which should

result in significant improvements in producibility and

memory transistor drain breaxdown. These changes were:

1. Memory gate metal overlaps all ferroelectri-

material to allow the baseline VHSIC metal etch to be

95



Ac'cess Transistor

KFEMFET M emo
GateI

Ferroelectric MemorIRemoval Wno

.3 ..................................

Fiue33:IK.RA Mmr el

I9



d By overlapping the ferroelectric memory gate ove-

the ferroelectric stack, the ferroelectric should be i
ccmpletely shielded from attack during the baseline MI

etch. This should avoid some of the more complicatez-

approaches considered for this step. The ferroelectric

removal mask overlaps the memory window by 2.7 pm (0.5

pm single misalignment tolerance, 1.0 gm MW etch, 0.25 3
gm ferroelectric stack etch, plus 0.95 gm safety = 2.7

jim). [This was achieved by reducing the MW overlap of

N- extender from 1.7 pim to 1.0 pm.] This is needed to

ensure that no bare silicon exists inside the memory

window when the memory gate is deposited. In order to

guarantee that memory gate (Ml) overlaps the

ferroelectric stack, a design rule of 1.9 pn was

selected for' M1 overlap of the stack (0 pm for

ferroelectric stack etch, 1.0 lum for 4 misalignment 3
tolerances, plus 0.9 pm safety = 1.9 jWm). This results

in a minimum M1 spacing of 2.0 pm in the memory array, 3
which is approved for projection printing at

Westinghouse ATL. n

2. N- extender overlaps N+ extender in all directions I
to increase memory transistor drain breakdown from
roughly 17V to 22-24V. This should allow the FEMFETs to

be characterized at 20V. The ferroelectric memory 3
transistors were modified so that the N-extender

overlaps the N+ source-drain in all directions by 2.0 3
pum. (For the Sandia 4 jm design, it presently only

overlaps the N+ in the cha'nnel region.) This will

eliminate breakdown problems associated with the edge of

the N+ drains. This change increases the FEMFET

effective width from 8.0 to 12.0 jm. This also reduces
the N- to P+ guardband space from 8.0 to 6.0 gm.

3.7.1 Low Risk Complementary or Differential Data Storage

Technique I
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U The Westinghouse two-FEMFET per bit approach, with

differential detection, offers a low risk design for enhanced3 retention and NDRO sensitivity. The two-FEMFET cell

corresponding to a bit is shown in Figure 3-37, where the two

3 FEMFETs per bit are used in a complementary fashion to

achieve reliable differential writing and sensing. Included3 in Figure 3-38 is a first metal strap used on the word line

to reduce delay and improve speed. After erase/write, one
element is in the depletion mode threshold state (Vt > 0 for

a p-channel device) and the other is in the enhancement mode
threshold state (Vt < 0 for a p-channel device).

The differential data storage increases the signal input to

the sense amplifier and speeds data detection. Figure 3-39

illustrates the differential or complementary NDRO sensing

3 scheme. Typically the nodes used for writing data (BLw and

BLw) are used as current sources during the read operation.

Only that row in the central memory array activated by the

selected word line (WL) can be conductive. Thus, during the

read operation, one FEMFET of a pair will be conducting while

the other is nonconducting by virtue of the opposite or

complementary ferroelectric polarization states within the

Sgate dielectric of the two FEMFETs. The complementary column

read nodes (BLr and BLr) are precharged to midway between the

3 power supplies so that the one conducting FEMFET pulls its

associated sense amp input column toward that power supply

attached to the sources of the FEMFETs. The sense amp shown

has cascaded stages with negative feedback to rapidly drive

the circuit into saturation. SPICE simulations including

approximate models for the memory FETs suggest read cycle

times in the range of 50 nsec to 100 nsec.3
The differential data storage and sensing of the two FEMFETs

3 per bit assures balanced data sensing and minimizes the

effects of prompt dose photocurrents which affect both bit

I ~~~98 __
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lines equally. These cause a common mode voltage which the

differential sense amplifier ignores. The two FEMFETs

corresponding to a bit are physically adjacent in the array

for best matching so that the only difference between them

corresponds to the data stored. This scheme also contrib'utes

to good operating margins (noise immunity, tolerance to
supply variations, etc.) in much the same way as differential

data transmission does in differential line drivers and

receivers. Although it is possible, in principal, to store

data using one FEMFET per bit, Westinghouse feels the

radiation hardened, high reliability applications require a

solid proven approach.

3.7.2 CMOS-Compatible Programming of the FERRAM

FEMFET programming modes are well suited to rad hard
nonvolatile memory applications and are compatible with the

1-micron CMOS process. In typical NDRO EEPROM applications,
all the memory transistors reside in a common well. This

configuration provides the best density, and easily

accommodates bulk erase/write (all words), page erase/write
(a group of words), or single word erase/write. Erasure (to

an indeterminate state) is done by pulsing the well to the
appropriate voltage (0 volts for a well) while thie memory
gates are held at the program voltage, Vp (-5 volts for the

p-channel case). This places all the selected memory
transistors in the same Vt state (depletion mode for a p-

channel array). During the write cycle the selected sites

are then written with the desired data. In writing, the

selected word line is pulsed (to 0 volts for a p-channel),
the well and the bit line are at Vp (+5 volts for p-channel),

and the memory gate is held at ground. This shifts one of
the two FEMFETs to the opposite Vt state (enhancement mode

for the p-channel case) while the other inhibits writing by
holding the bit line at the memory gate potential (Vgs - 0).

These erase/write modes are presented in Table 3-2.
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For writing, the selected row has MG at 0 volts, while the
unselected rows have MG at Vp. The selected column has data

applied complementary fashion to the HLw (bit line write) and

BLw (bit line write bar) nodes. All unselected columns and

one side of the selected column have the source and drain at
0 volts versus V p for the source/drain of the other side of

the selected column. At a selected bit location, one FEMFET

structure sees the situation labeled "write inhibit."

Page erase (a group of words), single word erase, and byte

erase make use of the clear inhibit mode of the FEMFET

transistors where the clear is inhibited by holding the gate

line of uncleared words at 0 volts when the well is pulsed to
0 volts so that Vgb - 0. Cleared words will have Vgb - Vp.

Virtually all these variations have been done in the past by

Westinghouse using multiple-dielectric nonvolatile memory

FETs with modes comparable to those of Table 3-2.

3.8 Oxide FEMFET Baseline Process Description

Wafer fabriqation on this phase of the program used short-

loop gridded wafers for ferroelectric capacitor fabrication

and fully processed device wafers for FEMFET fabrication.

During this program phase, which employed ferroelectric oxide

thin film materials, I11 gridded wafers and 15 FEMFET device

wafers were fabricated. In addition, a reserve of device

wafers were processed up to FEMFET formation and were held

pending results from gridded wafer CV tests. Tables

_ summarizing the processing history of gridded and device

wafers, prepared during this phase of the program using oxide

ferroelectric thin films, are presented in Appendix A.

Gridded wafers consisted of P on P+ starting wafers with an

orthogonal grid of 6 um wide N+ diffusions at 100 um spacing.

These N- grids provide a source of minority carriers during

electrical testing and result in more accurate evaluation of
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ferroelectric film properties. The gridded wafers were used

as an effdctive tool for evaluating suitability of oxide

ferroelectric films deposited in a variety of ways for FEMFET

fabrication. Ferroelectric dielectrics were first deposited

on these gridded wafers for capacitance-voltage (CV)

electrical evaluation. These measurements provided a rapid

assessment of important ferroelectric properties such as

memory window size, position, endurance and retention.

Typical throughput time for these wafers was about 1-2 weeks.

This allowed for rapid evaluation of various different

candidate materials used in fabrication of the gate stack

such as: different oxide ferroelectric materials and layer

thickness, different buffer layers and deposition methods and

layer thickness, post-deposition rapid thermal anneal (RTA)

or oven anneal temperature, capping layer deposition methods

and layer thickness, top electrode materials and layer

thickness.

Upon successful completion of gridded CV tests, ferroelectric

films were selected for use on fully processed device wafers.

These device wafers were processed with a 4 um dual well CMOS

process developed for Sandia National Laboratories for their

SONOS 8K EEPROM fabrication. The design rules for that

EEPROM formed the basis of the design rules for the 6083 8K

FERRAM test vehicle and are given in Table 3-3. The Sandia

EEPROM SONOS process was modified such that the FEMFET

transistor would replace the SONOS memory transistor in this

design. A baseline process was selected at the beginning of

the program with the following objectives:

- minimization of high temperature operations
- processes compatible with VLSI double metal processing
- processes must not risk fab line contamination

- design rules compatible with dry or wet chemistry

The FEMFET baseline process cross section and sequential
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process steps are shown in Figure 3-40 and Table 3-4. The

ferroelectric memory 'transistor steps are highlighted in bold "H

text in the table. The key process elements for FEMFET

transistor fabrication involve:

-memory window formation

- ferroelectric deposition and etch

-memory gate deposition and etch

Figure 3-41 is a photograph of a 4-inch diameter wafer

containing the multiple test chips comprising the 8K FERRAM U
test vehicle described in section 3.7 above and in Apperdi.x

C. The photograph was taken after the ferroelectric BTO U
layer depos:ition step, using the scaled pulsed laser

deposition method (PLD) described in section 3.5 above, and

before etching the ferroelectric BTO layer using the

processes described below. 3
FEMFET processing was incorporated as the last processing

steps prior to first metallization in order to minimize the m
number of high temperature cycles to which the ferroelectric

material was exposed. The FERRAM process adds two additional i
masks to a conventional CMOS process in order to define

FEMFET memory transistors. Since two additional masks are

also required to make SONOS memory devices, both technologies

require 16 masks. 3
A series of unit semiconductor compatible process development

experiments were conducted to optimize the processes selected I
for FEMFET fabrication A memory window process was

identified which allowed this window to be reflowed along i
with the normal contact window reflow. This approach

resulted in i near ideal contour of the FEMFET memory window, 3
eliminating any subsequent concerns about metal step

coverage. Figure 3-42 is an SEM of the reflowed memory 3
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window and shows that the process provides a smooth profile

3 for good metal step coverage.

Both wet and dry etch processes were developed to define the

ferroelectric layer pattern. Figure 3-43 is an SEM cross-

section of a BTO FEMFET gate before top electrode

3 metallization; where definition of the BTO ferroelectric

layer was accomplished using a photoresist mask and wet

chemical etch. Figure 3-44 is an SEM cross-section of an ion

milled BTO layer which was successfully patterned using a

resist mask. Figure 3-45 is an SEM cross-section of the BTO

layer of Figure 3-44 after removal of the resist mask. Note

the tapered edge achieved which improves metal step coverage.

No damage to the ferroelectric layer is apparent as a result

of the ion milling process. Ion milling offers the advantage

* over wet etching of being suitable for etching many different

compound ferroelectric oxide materials like the various

candidates considered for use in FEMFET fabrications in the

present program.

I. With baseline fabrication processes established, operational

FEMFET memory transistors were successfully produced with BTO

ferroelectric films. Although wet and dry etch processes
were used to fabricate FEMFET devices only those fabricated

* by wet etching yielded transistors with measurable memory

windows. However, the latter was probably a consequence of

factors other than the etch process step. In the next section

the electrical measurements made on the operational devices

* are discussed.

3 3.9 BTO FEMFET Electrical Testing

Process optimization for such parameters as oxide dielectric

3 buffer thickness, oxide ferroelectric film

thickness/deposition ambient, oxide dielectric capping,

3 ferroelectric film anneal, and metal thickness'was performed

* 112
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in short-loop CV hysteresis and retention measurements,

summarized in Appendix B, on gridded-wafer capacitors.

During the course of this phase of the program 111 gridded

wafers were processed. The tables in Appendix A summarize

the key materials, processes, and gate structure parameters

evaluated with these gridded wafers. In addition a total of

15 transistor device wafers were processed. ID numbers of

FEMFET device wafers fabricated in this phase of the program

using a variety of oxide feroelectric materials (BTO, Nb-

doped BTO, La-doped BTO, PZT, and Nb-doped PZT) are

(LE)7786-02,07,08,09,10 and (LE)7806-07,08,09,11 and

(LE)7869-01,02,04,06,07,09. Details of the different oxide

ferroelectric materials and key processing parameters

evaluated with these devices are summarized in the tables

listed in Appendix A. Results of electrical

characterizations of gridded wafers and FEMFET device wafers

are summarized in the tables in Appendix B.

To electrically characterize FEMFETs, it was decided that the

best approach would be to use conventional log of drain

current (IDS) versus gate voltage (VGS) I-V curves. By

plotting log of drain current, OFF state FEMFET leakage can

be seen with picoampere accuracy. The threshold voltage and

peak ON current are also easily seen on these plots. FEMFETs
were tested by performing DC gate voltage sweeps typically

with + 5, ± 10, - 20, or ± 40V. Typical sweep rate was

approximately 2 Volts per second. Multiple sweeps were

generally performed to assess such issues as threshold

voltage versus maximum programming voltage, threshold voltage

repeatability, and voltage polarity effects. An HP Model

4145B Semiconductor Parameter Analyzer (SPA) was used to make
these measurements.

Early in this program phase the novel testing approach (cf.

section 3.6.1.1) for predicting data retention in nonvolatile

memory transistors from capacitance measurements at zero bias

1 16 _
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as a function of time using CV dots had not 'been developed.

During this time the only way to characterize retention was

by programming processed FEMFETs. Later, significant time

and effort was saved by evaluating retention of CV dots,

rather than processed FEMFETs.

Retention characterization of oxide ferroelectric FEMFET

devices involved establishing test procedures for these

memory transistors. Procedures similar to those used for

SONOS nonvolatile memory transistors were used as a starting

point. Typically, FEMFET programming was accomplished with
gate voltages between 10 and 40 volts for 10 seconds. Then,

retention was determined by monitoring drain current (Ids)

versus time for 0 volt gate bias (VDS - 1 to 5V). This bias

replicates the bias that would be seen in an EEPROM

application and allows data to be retrieved nondestructively.

To verify validity of the FEMFET retention measurements,

Westinghouse SONOS transistors were measured using the
proposed FEMFET tests. Figure 3,-46 shows the resulting SONOS

drain current data. For retention the drain current with 0V

gate bias and 5V drain bias was monitored versus time. Note

that excellent retention was observed, with minimal change in

drain current after 4000 seconds. Also, note that this

memory device had a 4V memory window with a 10V program
voltage. These measurements confirmed that our retention

measurement techniques were valid for memory transistors.

An example of a BTO FEMFET I-V characteristic for an early"

device wafer (ID LE7786-10) is shown in Figure 3-47. Note

that when gate voltage is ramped from positive to negative

voltage, the transistor threshold tends to be pushed

negatively (toward depletion mode operation). Conversel'.',

ramping gate voltage from negative to positive voltage shifts

transistor thresholds positively (towards enhancement mode

operation). These shifts are opposite in direction to what

is observed for SONOS memory devices (see Figure 3-46) which
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operate based on charge-trapping for memory operation. The

opposite nature of these shifts confirmed that ferroelectric

operation was accomplished in this oxide ferroelectric type

FEMFET.

The retention characteristics of this oxide-type FEMFET are
shown in Figure 3-48. Note that the differential in the ON

and OFF state drain currents decays quickly in the first 1000

seconds from the large initial differential. After 1000

seconds the decay in the drain currents is slower with a one

decade residual differential at 5000 seconds. This result is

typical of what was measured on oxide-type FEMFET devices

processed early in this program phase. The cause for the

decay was presumed to be due to mobile oxide chargo in the

ferroelectric layer, which could be related to the quality of

the ferroelectric layer, the physical gate structure, or

other FEMFET processing steps. Possible processing steps

which were identified which could cause this problem are the
CVD processes used for the buffer and capping layer, which

produces hydrogen bonded in the layers. This source of

hydrogen could reduce the ferroelectric layer during its

deposition producing a mobile charge. These critical.

processes were replaced in all subsequent FEMFET device wafer

fabrications. To examine other possible causes it was

decided to evaluate retention of CV dots usinS a novel

testing technique (cf section 3,6.1.1) , developed for this

purpose, in short-loop CV dot experiments. Thus, the focus
of the program shifted to demonstrating long memory gate

retention, which was accomplished (cf. section 3.6.4).

Although additional FEMFETs were processed with different

oxide ferroelectric materials and gate structures identified

in the CV dot short-loop experiments, none yielded

transistors with as good performance as for the FEMFET of

Figure 3-47. This probably was a consequence of different

processing steps used to fabricate these FEMFETs. Because of

time and funding constraints we were unable to prepare
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I additional device wafers to demonstrate long transistor
retention using the improvements which showed long retention

in memory gate tests.
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4.0 DISCUSSION OF BTO RESULTLS AND CONCLUSIONS I

This phase of the program has focussed on the development of

BTO-based thin-film technology as a superior, and potentially

more stable, FEMFET-FERRAM memory fabrication approach.

Despite the fact that high-performance memory device arrays
with high yield have not yet been obtained, the intrinsic

merits and practical potential of the technology have been

successfully demonstrated. The following key results were

achieved.

1. Pulsed laser deposition conditions were established for

the successful deposition of high-quality ferroelectric films

of BTO on a wide variety of substrates, including silicon,

oxide single crystals and epitaxial films of superconducting

YBCO. Both polycrystalline and epitaxial BTO film structures

were achieved.

2. Multi-layer MIS test structures, incorporating

crystalline BTO films with Si0 2 buffer and cap layers, Si3N4

diffusion barriers and metal (and alloy) gate electrodes,

were fabricated to demonstrate memory storage capability, and
to establish the basis for a FEMFET-FERRAM thin-film

technology. C-V measurements indicated excellent memory-

window characteristics, suggesting that p-type silicon

electrodes could be driven to deep depletion with switched
remanent polarization (Pr) values of less than 0.2 .C/cm2 .

3. Although our measurements of Pr vs. time suggested

excellent memory retention, the rapid decay of the C-V memory

window observed on these structures indicated a progressive

build-up of fixed positive charge due to ion migration

(within the BTO layer) to the semiconductor interface.

Similar tests with lead titanate based ferroelectric gate

dielectrics showed a similar behaviour which could be

attributed to mobile ion effects.
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4. In order to eliminate the possible effects of measurement

3 fields on the stability of the stored C-V window condition, a

unique indirect, non-destructive approach has been developed

at Westinghouse, whereby the window threshold voltages were

imputed from zero-bias values of the gate capacitance Cg,

using SONOS C-V reference plots. This highly sensitive, non-

destructive method of determining charge migration behaviour

in the ferroelectric layer provides a powerful new analytical

3 tool for the characterization of fatigue and aging effects in

both FEMFET and (modified) ferroelectric capacitor memory

structures.

5. Significant improvements in C-V window retention have

been demonstrated on this program with new ferroelectric

oxide-type memory gate stack structures (having buffer- and

cap-layers and metal top electrodes of Ti-W or Al) and new
ferroelectric oxide materials (e.g. doped BTO and PZT). In

particular, a factor of approximately 1000 improvement

(compare Figures 3-20 and 3-30) in the retention of BTO gates
was demonstrated through the use of Nb doping; and, gates

fabricated with undoped PZT and Al top electrodes gave

extrapolated memory retention (see Figure 3-33) exceeding 10

years! As a consequence of this latest work with new* materials, compatible buffer- and cap-layer incorporation in

the memory gate structure, low-stress metallization

techniques, and lithography appropriate for deliniation of

the oxide ferroelectric gate dielectric, we feel that most of

the issues associated with a high retention FEMFET

3 demonstration are now essentially under. control. However,

because of funding and time constraints a transistor device'

wafer lot employing these improvements was not fabricated.

As a consequence these results achieved on this program, and

of several related studies reported in the literature,
exciting opportunities now exist for significant further

improvements in the performance and stability of FEMFET-
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FERRAM transistor atrays. Before summarizing these future
potential research directions, we consider briefly some key

aspects of the present BTO FEMFET structure and processing
which impose limitations on optimum transistor fabrication

and performance.

(a) Present BTO layers display high coercive and switching
fields (relative to single crystals), coupled with rather low

breakdown fields (see Figure 3-6), attributable probably to

poorly crystallized structure and micro-cracking (electrode
penetration) due to thermal mismatch between the BTO film and

Si substrate. The electrical leakage caused by the cracking
is effectively alleviated by the SiO2 cap layer, but the iow

relative permittivity of this and the buffer layer, require
that high operating gate voltages be applied in order to
achieve a sufficiently high switching field across the BTO

part of the structure (refer to Table 3-3).

(b) Despite the observation of square-loop properties and I
sharp switching thresholds in c-oriented crystals of BTO,
crystalline films invariably display very rounded loops with I
the Ec values of constituent crystallites covering a very
wide range of values. The resulting Pr values for partially

switched films of the type operated in our test structures

are marginally su'fficient to provide a semiconductor surface

potential suitable for long-term stable memory storage.

However, to ensure better memory retention it would be

preferable to develop film structures exhibiting c-oriented
textures, with good crystal perfection and associated square
loops, low coercive field and high Pr characteristics. (There

is a trade-off here between the coercive field and
depolarizing field, and if Ec becomes too low the stored

charge may become unstable.)

(c) Our studies to date (particularly on. BMF test
structuresl ) have revealed that application of thin-film
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metal top electrodes to the ferroelectric layer can generate

interfacial stress values high enough to suppress almost

completely the C-V memory window formation. These effects,

which point to the existence of strong piezoelectric fields,

are highly sensitive both to the nature of the metal

electrode and to the thickness of the ferroelectric layer.

Little is yet known about these relationships in the case of

BTO device structures, and thickness parameters needed for

optimum C-V window properties have yet to be established.

(d) Although doped BTO layers, prepared by pulsed laser

deposition (PLD) have been successfully produced in this

study, and demonstrated for high-retention memory use,

optimum compositions of La- and Nb-doped films have not yet

been developed. Little is known about t•he influence of such

doping on dielectric quality and ferroelectric properties of

PLD layers (cf. related studies 2 1t 23 on doped films of lead

titanate based compositions).

I
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I
I
I
I
I
* 126



5.0 RECOMMENDATIONS

Some key aspects of FEMFET device processing using BTO-based

structures still require further development. These include,

but are not confined to, optimization of buffer- and cap-

layer growth conditions, and development of high-resolution

photolithography procedures. In particular, low-temperature

fabrication of high-quality cap layers is needed, and a

suitable differential-etch or rejection procedure for tne

doped BTO gate dielectric is essential.

Here, we consider plausible solutions to address the key

problems listed above, based partly upon experiments

performed on this program and partly on developments

described recently in the ferrQelectric literature. We offer

these in order of priority, dealing first with steps that in

the short term are likely to result in an effective

demonstration of a stable FEMFET-FERRAM NDRO memory array,

and which are based primarily upon proven technologies.
Alternative materials and processing approaches are also

presented , however, which should lead to much higher-quality

devices with significantly lower power requirements and

further improved memory stability.

(a) As a first priority, we re-address. the short-term

application of our high-retention BTO(La,Nb) MIS test-vehicle

results, in a high-performance FEMFET-FERRAM memory array. To

reiterate, the C-V window retention properties of these doped

BTO structures are the most promising 19 to. appear to date;

and, if they can be successfully and reproducibly exploited

in a complete device array we will have established a new and

highly significant NDRO memory technology. The key to all of

our suggested research in this area is the urgent and rapid

development of photo-lithographic approaches that can be

applied generally to every ferroelectric film FET structure

considered here. The importance of this problem has been
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discussed by Rost et al. 1 I who were able to develop a
molybdenum film liftoff process uniquely suited to the etch
chemistry of LiNbO3-based transistors. Our present work is
focussed on etch delineation processes for BTO-based
structures, using primarily HCl-based etches for the BTO
layers, which we found to be successful in our original
studies of BTO transistor3 and epitaxial display arrays 31 .

(b) Predicated on the successful outcome of the
photolithography studies, short-term effort also is needed in
the area of BTO(La,Nb) film crystal quality development, so
as to achieve layers displaying lower Ec and higher Pr
properties. In the later stages of this contract,, we have
emphasized the use of lower PLD deposition temperatures,
coupled with subsequent RTA treatment as a means of attaining
better homogeneity and crystal quality, without risking
significant interdiffusion with other film (or substrate)
components in the FEMFET memory cell structure ( Such
approaches3 2 .33 have recently proven highly effective in the
crystallization of both PZT and, BTO layers). Successful
application to our BTO(La,Nb) films will depend critically on
the control of phase structure and orientation by systematic
adjustment of deposition and annealing conditions, using
correlation with XRD and hysteresis measurements. As
discussed above, this task would also involve systematically
varying the doping level in the BTO films to achieve optimum

overall ferroelectric and retention performance.

(c) . As a somewhat longer-range objective, attention should
be focussed on the development of alternative , higher-
permittivity buffer- and capping-layers. The recent
successful activity on SrTiO3 paraelectric layers 34 and PLZT
for high-performance capacitors 35 in DRAM devices, leads us to
believe that adequate quality high dielectric constant
buffer- and cap-layers could readily be processed using

available technology. A capacitance increase of one or two
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orders of magnitude in these layers would greatly increase

the field available for switching in the-ferroelectric BTO

layer (cf. Table 3-1) , significantly reducing the operating

power requirements. The resulting drop in the field across

the buffer- and cap-layers, would reduce tunnel injection

from the silicon and also place less stringent leakage

requirements on these layers. If the use of a more

crystalline cap layer results in intergranular (upper)

electrode penetration, this might be offset by using3 6 a I
vitreous binding additive to the cap material to enhance its

dielectric breakdown. Incorporation of such vitreous

additives directly into the BTO(La,Nb) layer is an

interesting alternative, and might enable the capping layer

to be eliminated entirely from the structure. Chemical
passivation of the devices (i.e. minimizing potential

interaction with atmospheres during processing) could be

achieved through low-temperature application of vapor-grown
Si02 after the gate electrodes are fabricated.

(d) Recall from the discussion above, the generation of

interfacial stress during the gate metallization step, can
have a profound effect on the C-V window behaviour and on the

ferroelectric switching properties in general. Our studies at
Westinghouse, and information gleaned from the ferroelectric

film literature, suggest that both the choice of electrode

metal , its method of application, and thickness play

critical roles in this respect. Clearly, this aspect requires

more careful attention in future FEMFET development studies.

(e) Finally, we turn to the question of all-epitaxial

FEMFET structures which, while appearing somewhat esoteric in

relation to presently accepted VHSIC fabrication procedures,
could offer greatly improved memory transistor array

performance and long-term stability. Recent efforts at

developing lattice-matched epitaxial sandwich structures,

have emphasized the potential of top electrode layers in the
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FEMFET structure with reduced stress comprising, for example,

superconducting oxides 5 -3 7 such as YBCO or metallic oxides 3 8

like (LaSr)CoO3 or SrRuO3. Capacitor test devices using

these materials for top and bottom electrodes, grown

epitaxially on YSZ-buffered (100) Si, have been shown to

display greatly improved memory fatigue properties, compared

to those made with polycrystalline ferroelectric films on

metal electrodes.

No studies have yet been described on the C-V properties

Sof epitaxial YSZ, SrTiO3, BTO or PZT on silicon substrates.

An investigation of this type is long overdue, and could

5 easily be undertaken, since suitable samples are readily

available. We strongly suggest that C-V measurements on

epitaxial structures of the type - SrRuO3/BTO(or

PZT)/YSZ/(100)Si be undertaken at the earliest opportunity.

1
I

I
I
I
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Appendix B, Table Summarizing Exparimental C-V/ G "V TEST Results

Wafer # Experime-nit Test Results Comments
7779FMB2;, BMP.Sl-73 BaMIrob Eced WUi not hold vobee. flau resonse. large snd vuarible coodtsrtivity in

7779FG4. BMF-SI-7S Poe Spssme Dileletrie blismed med peeling. dam soe hoM volasge. as C-V dots
7779MAIl4. BMY.51-83 Brokentop balg of witfor herusay Uhowed 12.5 volt winow as :kIV sweep; (FiUm 814masl 24 OCT 91

______________probe. .500A LTQ 914ue13)________

7779FMD7. BM741.7 Shouss"aa proemmi Cle by 2 sbaimm :k 20V sweep showed 10 - 20 Volt wiiew: No. k 10 von, winlow.3
______________Sp~ a"eb

779P?5013:. DIMP751- Aluitinmn dom ad low unporasae * 20Voko weep showed a mulwislow - 2voib
slowe inH2N

Afste 450C shrlow isH2N No Ferroel'~ Winow
7779FM3 17; BMT7.SI4S 1000A LTD :k 20V swee gives No Winow-, +20 to -50V swee sows a 14 volt

window

7779F?.W22: BMIF.S49 3SOGA LTO os 100=m DM7 MPla ± 20V mswep givee 24V. winow 7 NOV 91
Flw(22C5)______________ ____

7779FNM9: DM7414-9- 100= TOW Each of 1W. Pleu Su* of PAP e ~sr hwd owo. Oft tmied to bmkduowu at Tes meama togive lams
SooA LTO. 3KA 11W. Water sist (File: D9TEPLS;. BOBRLPLS) 20V. Mercury Probst ±k 20V twee showed 24.4 volt whdow. G.; leaky Meults dao Barrel
ut mrAo 4 quatrses +2S. .40p.U.Deesowe , 'no fo.0w7 whinow aod showed High cc& Plasma (14 NOV 91)d I

Damia Each 11W. Metmal Mrcuoy Preo. :t ±20V sweep sbowed 20 volt window: 0 a +500.
Stri of Rmest .530.50

Tes Etch 11W. Potiotclp ResivPle: Dot breakdown si.20Y. shows no whw Morcwryt Prb:breaks
D9BRLPOS) down at ± 20 volk. (Unexplained Misbehavios - Fluke)

Bamrl EAch 1TIM Poehetip Resis Dote showed no ferroelectric whinow sod bceakdown - 20V.
Mercusy Probe: ±k 20V meep showed a 23.2 window & Op +430,
.470p0

Annatl at 4001C fot 30 amm.12/NZ No slguificmn improvement________ I
7779FNsM1S: B.MF.Si.S6 1000A LTO. IOOOAFUameaevap- Alussionu dats showed so ferroolectric whinow at ±t SOV.

orote At thfaugh Mask
Anneol as 4000C fot 30 toim.i H21N 2  Alummim doe showed so terroeleculo whinow at t SOY. Mormuy

probe showed a 63 volt window at ± 30V teal tim sweep snd a 591
volt whinow *a C-V pWLa

7779FMB24; BMF.Si.91 500A LTD. Full Cln 1± 20V sa shows 26 volt window G +5/.1250J (av. 2) (15 NO4V 91)

77-79FIN1325; BMP.SI.912 500A LTO. Degriw. No RCA clean ± 20V wsca show 24.83 volt window (av of 2). Op a + 300.7 Cay 2) (15 NOV 91)
7779FMB23;,BMF.Si.90 500A LTO.IK Al evaporsted through Al Dot.- ± 20O ws amsowed 0.6 vokwhinow. Small Lodium foil (15 NOV 91)

nmak from filammot sousce ea'cada as ± 20V amos showed a 24,6 volt window (mv. 2)
(D23ind1)

Silver Prinm deposited from coons fiber (19 NOV 91)I
os Q-Tip. Air dried I 'A bra. Slver Print Dot as ± I OV am showed.a 12.3 volt whinow. Slver

Print doe breaktdow 10 o 20V.
Codted 4 Al dows with slver primt (20 NOV 91)

Al-Ag dom showed no Ferroelectric window at :t I OV sweep. Dots

7779FMB21; BNWF.S-SS 500A LTD Deposited d iessbected to ± 30V C.V Scas Used To Pole DielkctIc. -±20V Scan Showed (21 NOV91)
60 mm.n Plan Sutri. (FILE Whinow Of 29.3 volb (mv4).Op a +61-12 pC(av 2)

11121PLSTP)
FMN-22t BMP.Si-93 No RCA Precision IkA Thick; 480*C Good Hyatorsis With Memon y Whindw Oftee, Exceedin she Pulse CV 'Macmmn-

FO Anneal..lhr.. 800A LTD Prograommiag Voltsge.Afkar tri to Sandie &rusm showed rmens: Hg
deterioration. Probe. a >6.6SVMeaiory

Window at I 00s. :t 16V
Needs Explaasbon

FMC-N12-. BMP-Sa-94 Complasa Fluoridation Prudes.; 480T Good Hysteresis With Mesaory Windows Ofte. Excaedmng the 3 Doc to STC for Ratra-
PG Anneal. Mhr..* 2ikA Thick. SODA Prograominag Volnge. tion Moeeurvemens (Fale 0
LTO 3CN12F94A) (26 NOV

_____________________91)
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_______# Experiment Test Results Cm et
3 FMC.14I1I 1 MF-31-95 CompeftFkatriadeesPruuoi 4800C leekR aPnnu+Ckm bae eFZwMM blekvier OTepHaMof 3 Dee for TiW.AI CV'

PG Anneasl.Ihr..2. IkA Thk. MA0. Waler.lboffim Hadot Waler *20.42/9=ll2.2Whsdow. Do% With Preousumr
LTO , ____________________Close *

FN-07 (wi l Om $12. S to 51. in Swea Spot 2 to 4A Very Leaky Cepeilen Sbowis lath Fil a Twnson/Tiuppha 3 Doe for Al Dot Ro.
BTD-4-2 beyond second biaerm.,. rise No HymeruIn. MOV6. S00A LTDO Depo.

FN-07 (*/10@m Sa0%); , 5 .toIkAI Swam SpoU 2 to 41.4 VIRGIN DOT.: 16V Sweep -I.4V Windw; Showed Nollcg 020V (Films NIBT42CS At C6

_________cap. 3opG VWnoUM-N1 DM741-90 No RtCA; Dufider HF, DI H20., 4 Dee flor INA. LTD.
Aboohsl Degrease T81C10 uLM Bubble De.1mm Were
lhr.2000A7Thick Observud I@ The File.

FMC-N23 BWF41.97 No RCA; Buffered HF. Dl H20. :k 16V Swoeep.0.3V WlMo~w-,:2OV Sweep-a7.SV 4DeForAOOALTlO.PfrIii
Alcohol Degrem.s 410C lF0 Ameam. Wbmow-:tSOVS- wq-.S3V~lsow:SOV S"mi To PeolaWl Lack Al Shadow Dais. (Resm

ihr.:2osoATbkk P1:Sodk=CsswM~DmsAh=Dep. N23I9750 A N23F9%A0on 2 JAN 92)
FMC*NIM6 BMF*Sl-92 No RCA; Buffared HF,. DI 20 2OVewesqRspostedSc:Window u4V,7.V, I .2V 4 Dec (or 500.4 LTO.

Alloohol Desvesie; 430C PO An"el For lIa Al Shadow Dou.
lIh.;:1l7SA TI~ck

FMC.NIS; BMP.Si-99 =1RCA, Bufferred HF, Dl H20. 4 Doe *o 500. LTO for

FMC.N2S: BM7-SI-100 No RCA; Buffe"e HF, DI H20, 4 Doc for 500.4 LTO fot
Alsahol Degresm.; 460C PO AsseI. RE Emoval Experiment
thr..212SA7%hkk

FMbC-N20; BM7-Sl-101 No RCA; Buffered HF, Dl H20. (Flilm C20FP6iAc & C2OF9GAIa. 18 DISC 91):20V Sweep-l2.6V I I DscPorl00ALTO&71
AloIo Degree.:; 4801C FO Annaml. Window; 16V Sweop-4.9VWlmdow; ±tO I0Sw*$P-.3V WAl CV Doti With NO
lbr,:21sAukik Whiow(FileaCMOf01H.M.&L, > 61AN92) Piuspumaer CI".enMMa To

FMC-NI 1) 43 LZ762oA-6; BMF.Si-102 No RCA; Buffered HF. DI H20, 1I Doe (fo 800.4 LTD
Alcohol Degrmeeý 480*C F0 Amnal.
thr.:2000A Thick

LE762OA-5; Bh(F.Si- 103 No RCA. Buffored HP. DI H-2. I11 Doc for 300A LMD
Aloohol Degremee; 480'C M0 Anneal
Ihr.;2000A Thick

LE7620A.2; BNF.Si- 104 No RCA. Buffeted HF. DI HPd. I I Dec for 800A4 LTO
Alchol Deposese; 480*C FG Anneal.
I hr. -.2000A Thik

LE7620A.3; RN7.Sa. 105 No RCA; Buffered HF. DI Hf.1 I I Dec for 800A LTD

U FMC.N19; BNT.Si-107 Buffered HF. DI H420. Dgegsese With PRE Snlr7ER&.SLNTEI.±20V.SWEEPSHOWED NO WINDOW 532 LTO(l 3J.n92)
Acetooe. HP Dip. 200= BMAP a
200-C. Prabeked 0 520*C, Anmea"e

in 0 480-C Mr,.

FMC.NOI7; B1.(F-Si-108 Bufferedl HP. DI H20 Degrem. With 532A4 LTO(131@&92)
Aceimos. HIF Dip. 200=m DM70
2000C. Prebeked ( 520'c. Anm~Led
is FO0 480-C Mr,.

FIC N09; BMF.Si.l09 Buffered HF. DI H20, Dogreaee With 532. LTO(13J.o92)
Amine.. HF Dip. 200=m BWI 0
200T. Pfuebked 0 5200C, Annealled

in PO 480C Mhr.
FMC*N13:. BN(P*S6110 Mofend HF. DI H20. Degree"e With53ATO1J92

Amas... HF Dip. 200m. SMY@
200-C. Probeked 0 520-C, Annealled
in F00 490-C Mbr.

FMC.N 10; BMF-SiI I I Buffered HF, DI H420. Degroms With 532.4 LTO(131aa92)

3 ~ ~ ~ ~ P _______ PO 420-C thr.



Wafer # Experiment Toot X5d1 inmmalf

PMC.NOM BM.IP-1 114 DufWed HF. DI H20, Deegwem Wihh-
AMinu. HY Dip. 20CmO 340

200-C. Prehahed 0 20C. Afh

FMC*NQS D8 'S. s -i Its Buled 14. D11H20. Delf'"e Wihk
Aefte HP Dip. 200mm U6

200C. Psehahad SW0C. AMenLM

PMC*NIS; 9341.4 &dkld Ill. D11H20. Dep~me WA a&L006hf
Aabft. H7 Dft. 20Cm BIWO
2000C. Pnhb*W 5@C, AmwnWW

__________b hPO 460C Ihi.

FMC'14OSs AM[F314117 DuIhAud1 KY. DI H30. Doping Wkth 03"
Asians. HP Dip. 200M BWO *
2000C. Puabsim * 20-C. Aflsi
Is P 0 460C Ihu.

714.09-. BTO-"- (Row"e) PLD BlO: S00emComfer. 200em TOP HALF OF WAFER . 10vCps 1SSpP.0pw 131 5/1fM Lm 71 1w-
Bdoo. Gres"h 13 Des 91; 5001C Wbdow2.4I4.I1inI.7G,,:tv.Wbm.w-1.62j2.2.0.Sgv AVMI dub. oftWOW

Site. 65S1C Cmmte. PR5 SPUTTE R O1 S AAI03.2V.CODCACEouee. "" zyIaswql

FP0'BO1(A" PLDam 25040Clmr 150.. PRBD5C5CTR.tOV.CNUTNEOE32.4 LTO(I3Jsaft)
Dig. Orsenmab 2 1.. 92; 500*C SCALE.

B5o0C W50DOW ComerF.*IY W~*D.6..424?LT 0A9

M*07; B'1O.S.2 (Roused) PLD 310: 250.. Ciui. 150. MERCURY PROBE.*20V.C.V WINDOW 11.6V.;*IO1V. C.V 332A LTOQ3Jvmni2

Edge. Rou~g; 1S Its 92; 5304C 3414.2.CV.. WINDOW &6V.. O,12S%14O6s DIRLAEI DOWN AT
(medo 20V.

FP0;BO54PLO STO: 150msm Cower. Isomm HIaH CONIJUCTA14CSNO W1NDOW.LOO031 AT SMALL 492A4 OF LTO 201AN92
Bdge. Rawmg. 153.Jo 92; SWOC CAPACITOR DOT3

FMC*NOI;. BT0-3.5 PLD 310: 250mm Camm.t 150=m BRLAKIDOWN AT 20V.;NOT PDRROEJCTRC 492A4 OP LTO 20JAN912

Edge. Ratouo; 1S Jam 92. 450*C

FMC 1402. BTO-S.6 PLD 810: 250mm Comer, 150mm Used forPE uth expswhaeu 492A4 OF LTO 201AN92

Edoe. PRowka; 15 Jsm 92; 450-C

!;RC.N07-, BMP.SiI III Buffefed HE, DI H20, Depine With ±20V..0pu45aiO.Wbu.w -4.4/6 20.4 V. 492. OF T 20JAN92

Asses... HP Dip, 200mm BG@ 0 j 0v.Windw .. 33/1 9.35V. No Precloan I OkA Al

200-C. Prebaked a 520-C. Annenfle tSV.W~mow-3.3/d,.2u2.1V. "w.. A IQO0is pith.
Im FO a 480*C Ibir. change

FMC.N14;. DMF.Si.119 Buffered HP. DI H2 0. Degrmem With ±20V.SWEEPNO RESPONSE 492A OF LTO 20JAN92
AoeAsn . HP Dip. 200..m BM[F

200-C. PrehekedO0 520-C. Anmiled
in Pa00 430-C Ib,.

FMC-N22-: BM[P-Si.120 Buffete HF. D' H20. Degrnme With -492.407LTO 20JA.N92
MAcme,. HP Dip. 200m. BDw
200C, Prebaekula 520'C,'AomWid

inO@ 490-C thu.

FMC*N04; DMP-Si.122 2 Stop chin cleaw MERCURY PROBE. *20V.SWEE DEP..13.2V., 34N.11OV., No difference bewtweu I

WINDOW 24.2V.; OpWIO20 p&0'. :k 0V.SWEE. DEP.- 6V.. mWp n 2 'pciean
DIH..2.4V., WINDOW 13EV.

PMC.1424; BhG-S1-123 I Suep ghem cbme NORURY P11081.~ t20Y. SWEEP OpILW2 . DED.-t4V.. See Above
KKK. 14.4V.. 23.4WtHDOW

P14.01; 3141.81124 I A"p ohmn olm.2 hr. mo1 MERCURY PR035. *k20V.SWE PWIDOW 22.6v.. See AboveI
Gp65/S3jd2. NOT NORMAL DIP CUJRVE, IS 7MI A GRMDED1

_______________WAFER d IOY. WIDOWI2.SV.

714.02; 3141.51.125 I Step chm clean .2 hr. majel MERUCURY PROBILDOES NOT BERAVS L13 0310010 See Above
WAFU? *k20V.. Op4OIpDS. WINDOW 13.4V.. *IOV.:I

______________ _________________ p35tV7. WINDOWU.4V.

71403; BMP.S,.126 2 Step chmi cleas.2 hi. .ini. AW.CRY PRODS. DOES NOT 301AYN L1M ORLIDED1
WAFER? *20V.. Op)I/7 . WINDOW17.2V., ±IOY.. 0?W3672.

IWRIDOWZ8.2V
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_______# nxpuaamurTt ois oments t
PN.4ft DIM741.2? 2 Sup ehm simew1 hi. uawl *2@VOpw 0I247,cpuSW1r.=~Mu 14-4I* I0v.vidwhmwvt.A dw S

KgPrW~b *20Y.OpwSS/MS.Cpa41M wmin - 21.2. *ICY, coam~ 0. MP.1)
Wow a g.8V. Wda de. so ho u a grU "w.

PN.Oks. DM7.Si.128 2 Stop ohm *In& I hi. aw"L Wae(r mo fo FE is ,INCRBAS
FPP01. BMP4I.129 2S3up oha o~mOKA Al C.V ON DOT. *20V. 0pIS2131. Cp7WIO0pF, WINDOWt 13.7/0.3 9KA AIDOTS DEPRESS

DEPOSITED TROUOH MASK - 14.ZV., * 1W: -3.61-2.4 - 1.2V.. MJWLVRY PROBE. *20Vt IM3ORY WINDOW
Opl 22/117 Cp?6.S/E4.9. WINOWW.37662.V- 1/O . ICES

U ~ 27~TIUCV4US FROM

U 21A TO 2.3t2.1 KA.

7406.1,.BM41-3.131 I " 1bs hmeu__ _ _ _ _ _ _ _ _ _ _ _ _ _3 78062.2 DM7.51. 132 1apohmclf

RI-OS; BTO-4-3 GRIDDED WAFER.100 A UiO2 ,10OK MWAORY WINDOW 010v MAX 2.8 Y.DTO ABOUT OVERALL DOES INOT
A Al DOTS EVAP. 2016THINNER THAN FN.07. BREAKDOWN 10 TO 20 V. LOOK TOO GOOD.

ONLY SMALL PART
OF WAFER HAD

FMD.01;. BT04&2 ORIDDED WAFER.153 A LT10 MERCURY PROBE. *SV,. Op 469/571 p0. WINDOWO
-. 41S/0. 1 a0.V.. * IOV.. ap SOWMOO WINDOW. 0/1.5.- I.5V..

780&-. TO--3 LD IIA ub.Com 367pP.

FPP02; BM7.Si. 136 I sup ohm cime.2.5L1A a... ±I0v. Cpu 53/I6pf.Op.66/34.. whmwbo. ±20w. SONOS -RIC TO 7Cap, n
Type 'prespumer otch no grid

FP-03 BM7*Si.137 I1S Cmap ohm ts DA8d for bubbles. visilel. Ti/AI/TIW dots

F? 04. BMF-31I138 1 Sup ohm Class DA'd for bubbles.
FMD-06;. BMF-Si.140 1 6ap Chew C&M
FKD-07: BN7*Si1414 I Suap Chem cohm

FN0608: DMF-SW.42 I Sap Chun Cmau
706.6; BMF-Sa. 143 I f"p chow ohM.3 FNID-23; M-S-3 I STEP CHEW CL.EANSOOC Al Dot(13): Cp- 196.7. Gpu43/66; ±5, a0.8, ±10u-7.4/.-S 2.4,

lHf.ANNEAL..250-1Somm tX0 *11.18/401n5 11.5. Hg CQ Cpu 173.1. Gp- 81/110,:t5:
_________________ ____________________w2.2. ±10: .9.2/0-9.2. ±20. boukadow.

LE-7906-0S; BT066-4 161A LTO ON SI 3 3Treasn40a Showed no Memory @25 V.U MD.02. BT066-5 153A LTO . 550C 40MIN. Hg Probe. breaka do"at 20 V. :t10v. Opa 30170. window-m DTO Depouit not
0.411.4a IV. Coaix- 21 IpF, tSV. window a -0.95/.0.4 m uniform. sa

____________________0.55Y. Cmx- I99pp.
FMD-)03; 370 .7.1 153A LTO, 550C 45 MIN. Hg Probe; Broa&& Dawn && 20V. t1IN.: Op- 70/145. Window

-0.2/1.3 - 2V. Cam-z 277pP. ±5V: Whisdw - -0.15/1.95- 2.1.
Cimix 274pF.

R409; BT0-44 Tharmal Oxide IIODA Badeen Halt of Wafer~ ± 10v. Cp a 167pF. Op in 1398/1375. 4KA Al 1.3kAkTIW~pf
Window a 1.2/4.3 a 3.1 v., ±5v. 2.5/3.32 a 0.382v. oputlar ciama~doa were

I FP06E:DTO.-S-I Thewual Oxide I OA One dot shoed no whinow amW adow 0.54w wh . coo dot amo AA Above

BTO;11ý-5.2 Center 2500A. edge 1500A. Tbersual Hg Probe: corner 20w. 11.6V windw;,± OY. 3.2V winow.3 ~ Oxide 100A
FC-N-OS; B70-7-3 SSO C. 40 mmi., 200 cTor. 10112 . ±Sv. Cp - 4645 4IpP. Op a 21N/472, Whao.. w 0.48/1.38 - 500A LTO, so

20 rpm 100A Theui aOxida 0.9w. ±*10. Cp - 478. Op a 411/11146. Winow. - 1.2/2.9 - praspuuor. grid vixible.
1.7v. TVI/AflW dow.

LJ8776.02; 2170-7-2 550 C. 45 mm., 200 mTorr. 10142.
20 rpm LTD 117A.
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Wafer # Experiment Test Results Comments
F7D.09; BMP.Si-144 2IRA" mome ' IO. Cp a 130135pF, Op a 23140# a Window a -4.4/.0,8 . 0A LTo cap, no

3.,v 4.Sv. Whidowa0.9v pmpsemer, Srr viibld,
TIJAJ/T'I dos

PM D.102: BM F. 1.14 S 2S& I50m m. Al D o (4, 6): Cp 0 164.5, O p * 24147: 15, -4.20.3 ,1 0.4, 4.10, ' '

-4.3/46 - 1,7. ±20, broke down. ;Hg C. Cp a 195.5. Op -
37/69:4S. o2.2. +i0. .7.14/3 u 10.14. ±420 .- 19.2/.2 w 24.

FMD- I I; BM4.2.146 210-1800M. Al Doi4, 6): Cp - 101.9, Op - 11150; ±5. -0. :10 10. 2.2/6.0.
3.1. -6.S6i10.2 a 16.76;HgC : Cp - 127.2, Op a 10/31, 1.45.

2,1/-3.9 .IX 10, 0.317.3 * 6.8, .20, broke down.

LE7716-04; BW3i-- 14
FP.I-10; B.7. -4 MTC. 201142. 200Towtr. ±Sv. Cp a 121/369p7.1Op a 120V. 301o,0 Type Wodow SODA LTO. pre e

40opi.TbemnalOxd. ug41005 v. oak. no grd viElIe,
TIVAMYW doea. Used in
sM• exprmn

FM),O4; 5T.-7-. 550C. 10%H12. 200uTorr. 40a. 4 .10Y. Cp -460/440. Op a 117911078, S500 Wpe dinusoem 500A LTO, nope
"7hrn4ma OIde; LTO ruboxide 45v. WIoWw-0.3v. ep.mr ethk arid visible,

"TI/AMTIW dos. Ulsed i
inch eJperint

FMC.N.09; BTO-7.6 600C. 1011H2. 200o•Torr. 40& Ho Probe;Cp u 109.SpF. Op a 61/2200.4 1Ov - 2.7/3.76 - Possible Cu
1huWm1 Oxide; Thermal Suboxide 1.06v. ±5v a 1.3/3.65 - 2.35v Cooolahilatm

LS7786-05: BM.-SI149
FMD.24; BMF-Si-ISO 3.1A om. t Ov,. Cp a 99/96, Op - 281/41, Widow - .1.24/1.14 a 3.08 SOA L7TO Cap, no

+Sv, Wido.wo2.3v. picepuerm, grid visible.
TI/AVTW doe

FM-N-16: BMP.Si-251 Wafer wed (a FE eah exerharn..
FM-N.19; Bh(.S-I152 4.9KA momt ±0.1 Cp = 72/69pF. Op a 1 411 53p V. No -i.w Cam be SOA LTO. no

unarmed. a :t±20/10/Sv. Too spread ov prnspuar. irW visible.
Ti/7A doe

FM-N.20. BO-Si-153 Used for FS ach ezperksmm.

FP05; B3MP.Si.154 2.WA noea. I2 0o. Cp a 211126p1, Op a 8/102p 0. do as windowHg.O.Sv _g f
wbuow ±20v, Wbedow,6.2v.HS.6.0v.

FMC.N.10; BTO8-.1 600 C Dep. Hl Probe. Cp - 137pF. Op - 101/120pV. ±10v Window m 3.6v. 468A LTOCsp
±t5vW'dow u 3.67v

FMC-N-11; B37.8.2 300C Dep, 60C0C I Hr Anl Ho Probe;Cp a 223.9pF. Op - 63/107o U. tIOvS SONOS 468ALTO Cap
WINDOW. ±.5vWcodow - 1. Iv Window. Briks Down &20v.

FMD-12: BMV.Si-155 7imbafte * 250-400cM Al DoM(3): Cp a 82.5, Op a 11/108: ±5, -2.7. ±10 - 1.6/6.5 534A .7TO. 3/27/92
a 4.9. ±20. -0.2/10.8 u I2I2Hs C: Cp - 74.9. Gp s 41/51;-±-.
•0,1/2.5 a 2.6. ±10, (-0.9)/4.7 - 5.6, ±20. -5.52/9.6 a 15.1

FMD- 13; BM.Si-156 T1kknew a 250-dO.uM Used for FE each expermmma. 534A LTO Cap. 3/27/92
FMD.14; 3F-Si.-.57 Th"r o . 190-290aM Al D*94, 6: Cp - 136.2. Op a 12/35; :5, -0.6. ±o10. w.3. 534A LTO Cap, 3/27/92

±20. 414.8/8.2 * 23;Hg C: Cp a 72.1. Op = 10/40. ±5. 0.4/2.15
a 1.75. ±10, (-7)/I.1 a 7.8, ±20, .16/10.2 - 26.2.

FMD-t5; BM7.Si.15I ThAkkos - 360-610aM DA'd for bInO. 534A LTO Cap, 3/27/92
FMD-16; BM-Si-I.59 Thkknms a 360-610cM Al Dol(12): Cp - 61.5. Op = 11/14; 5. a1.4. ±10. 1.0/.2 - 534A LTO Cap. 3/27/92 I7.2. ±20. 0/11.6 - 11.6;2H1 C: Cp - 63.6. Op - 19/ 15::t±S. Coacbmiom of red tut at

-1.92/1.3 - 3.2. ±10. (-1.2)/7.0 a 1.2. ±20. A.M8/9. 112.6. 500 Red Si is that there

500 Red SI X.Ray: Al Doa(12): Cp - 61.5. Op - 8/11;±S., -1.7, wu no siiflicant
±10. 0.1/ 7.61 7.58, ± 20, (-I.5)V13.4 - 14.9 change. "hesmfore thewafer sen to SANDIA

wae not dsmaged by

__________________ahsport X- my.

FMC-N.12; BTO-8.3 300C DEP. RTA 600C, I0SEC. ±lOv.Cp - 359.8pF. Op 3 334/435. Wad - 1.4/4.1 - 2.7v.

+±5. Wad a 1.35/3,05 M 1.7v.Broks Down 20•,.
FMC.N. 13; BTO-7.4 300C DEP, RTA 650C, 20S .. ±410Y. Cp a 270.9, Op - 25/101. W* da 3.6/4.56 - 0.96v. -•5v

W -i a 3.3/3.6 = 0.3v.. Broke dow" 20v.

FMD-17; BMF-Si-160 300.200NM, H2. 480C. r,. Al Doi($): Cp a 132.1.Op a 43/75; 4t Sv, Wind - a 0.25v, ±1Iv I
* -0.76/1.5 a 2.26. ±20v. -1 5.5/1.6 - 24.4v. HI C: Cp a
115.5.p •34/50;S.,0.25/1.15 - 0.9v. ±10.-1.74/2.2u 3.94,
±1 20. -17/1.12 a 25.12

F/D-I1; BMF.Si-161 300-200NM. H2 . 413C, 2Mr.
FMD-I9; BMF.SI-162 DegremuOuly. H2 . 410, 14,.. Al Dot(2): Cp a 105.4. Op m 69/&0: :t5 .1.8/4.5 - 1.3. ±10.

ICA buffer oxide 300-200 nm. BEM -2.5/0.98 w 3.5. ±20, -4.12/9.4 - 13.5. HI C: Cp a 56.6. Op -

55/60;±. -0.6/ 0.55 w 1.45. ±10.(-1.5)/2.4 - 3.9, ±t20.

-5.1/10.8 - 15.9.
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Wafer # Experiment Test Results Comments
FMD.20: BMD.SI.2I3 DegmreOel0M. H 410C, 2Hr..

1O0A buffer mada 300-200. M "

FPN-21. BhMP.$-16$ 3.Sl O'mrw. 250-360smo. AA Do*4, 6): Cp a 141.5. Op a 2714; ± Sv, Wind. - 0.TIv,

.t ±0v. Wahd - 4.1/7.6 a 3.5, t20v, Whid - 4.68/9,68 a S HI C:
Cp - 97.02. Op a 9/18. tSv. 2.6514.25 a 1.6. ±10v, 1.3/3. am
(4.46). ±20v.-15/7 -n 2O

FMXD'; BMF.31-166 3-STEP GROW•I. 300M200 NM. AKJ2), Cp - 160.3. Op = 44/19. ±Sv Wdal.$v. :t10 VWed a
I ~2.4/6.1 w 3.7, ±l20v Wind a .2.3/9 = I1 8.l.AK9):Cp - 148.7. Op

- 20/40. ± 5v Windm1.4. j 'LN, Wled m 2.8/6.44 m 3,64.

420v. Wihd i -2.8/8.3 -5 l6Hl(5);CP 5 '68.7. Op - 74/100.

.t5v. WInd w -0.6/2.4 a 3.0, ±i0v. Wind w -2.8/4.3 w 7.1.

±20v, .14.3/8.4 = 23.2.Hs(E);Cp 1285.4. Op - 106/134. t5v,
Wia -0.6/2.3 a 2.9. ±I-0. Whid w (.2.44) 4.74 a 7.18.3 ±20v. Whind -Brke Dowi.

FMC.N-14; BTO--S/6 RTA600CI I0SEC..410-360NM. AK4,6).Cpa 299.6.Op m 96/173. ±-10y, Whid. a SONOS:
Hs(C);Cp a 303.6. Op - 34/97. ±5, 10. 20v. All Have 50N03
reppe. lg(E). Cp = 281.6, Op - 250/294. ±5. 10. 20v AU Have
SONOS r ,

FMC.4-15: BTO-9-3 SSOC.-0MLN. GROWTH A.J4. 6);Cp a 345.6. Op - > 1.8E3, ±5. 10. 20v. Too High OP
*forC.VHs(C);Cp a 118.3.Op - 11M. 45v. (-L.S)11.45 .

3.3. PI0v-O.flnM.2 a 3.16. ±20V. 2.2814.32 - 2.0v, .Hj(E);Cp

136.4. Op a 14/27 ±.Sv (-0.62)/2.85 - 3.47, 41Ov. -0.8/2.64
- 3.44. ±20v. Broke DownU FMC.N.16 BIQ,9-4 300C.60?MIN.;RTA 600CA/OSEC. AI12);Cp a 412.6. Op - 539/417. ±5v. 0'. ± 10y, 4.16/4.7"a

0.54. A•El);Cp w 423.4, Op - 131/3533 ±5v. -0. ± IOv, 4.3/4.6
- 0.3, ±20v. SONOS. Hg(C): Cp w 321.5. Op - 1081/190. 45v.
w2. ±10.20v. ONOS. Hg(l): Cp a 261.7. Op - 319/342. ±Sv.
-2.1. ±10. 20v. SONl0.

FMC.4 21; BTO-10.2 300C.60M1N.;RTAS$O0C/ISEC. AKM. 6);Cp - 304.6. Op - 126/217. ±S., 3.36/3.5 w 0.14.
.10t . 4.01/4.56 - 0.5. ± 20w. SOOS. Hg(C): Cp - 330.7.
Op w 32/212. ±5v,. a1.4. ±10V. 3.644.5 a 0.86. ±20v4.6/8.4 a
3.8.Hg(E);Cp - 298.1. Op - 27/48. ±5v. w1.25. ±10. 20v.

Fl.{-25; BMF.Si.167 100AB4ffer Oxide AK4, 6QCp a 61. Op a 10/13. ±5 .2.45/1.2 - 3.65. t10 1
(-3.5) /3.2 - 6.7. *t20 w 5.2/10.72 • 5.52;HI(C)Cp - 78. Op
6/11. ±5 - .2.5511.92 - 4.47. ±10 - (.2.64)/4.24 m 6.85, ±20
a (-7.12)/12.41- 19.6

FMC-N 23; B.SF-Si-168 100A Buffer Oxide

7786-6; B .SI. 170 133A Buffer Oxide

W- B1: -Xl.2164 i• " iR SAWA 162.245mm Depoi,,d 500A LTO SLNT TO VA TECH
/51/92

3 ~.-~ 4 ~'~~ ' - SONOS RESPONSE

~~~ER ~ AE12) Cp a 10,. rp=10(0.± - 3.33/ (-2.3) -").3.i -, 12-0,±
S10 w (-.5.16)/'.5 - 7.66. ±20 - -5.92/10.49 - 16.4; Hg(C) Cp

w 93, O• a 6/11, ,f - .I.111.69 - 2.79. ±10 = (-3.2) /5.38
L.5 • ! -,S .9.2/12. 12

'i 4II J i-US10.1., ( 1/7. ±5 - .3.35/-1.35 - 2.0. :"10''
4 -,t. " 7.0. .N 9 .32/8.18 - 17.2; Ai(4. 4): Cp -
61,., Op v 4/1, ,e 1 1// 1 1.92. ±10 .5.1/1.9m

7.0. t 20 a - w 17.3j,. X1(C): Cp " 92. Op * 4/10.

±5 = -2.02/I.4 - 3.4. *10 m -3-64/4.2 - 8.04, ± 20 -
-8.76/11.4. 20.16; H:(M): Cp - 'a. Op. 5111. ±5 -

S,1__.0.15/2.1 - 2.25. ±10 a .2,0/7.1 - I ± 20 = .i9/11 20.0

S FMD02X. BMF.SI-174 BUFFER 135A TO. 300.200mr. AK 6) Cp - 81. OF a 3n, ±t-o , 4[-/. 1.35 a 2.0. ± 10 =
.5.111 0 = 70, #20 -8-.32/1.-r, a I/.2;H(C)Cp * 92.
Op 4W10. ±$ w -I -#1 4 3.4. 10 a .3.84/4.2 a 8.04.
±20. • .76/11 ** 2 0.26. "

LE7786-07. B0. 11.3 SS0C/30M2N. STATIC RUN, 242A 20 S. 7 a

TB BUFFERIM,1



Wafer # Experiment Test Results Comments
FMDI4X; BTO-I1-4 550C160MIN.,2ORPM. TO a 506A AI(4. 4)Cp a 173, Op " 24/60. ,tS - 0.45, ± 10 a 0.9. ±20 -

-2.721"-0.9t 1.76 , X(ES)Cp - 94. Op w 9/11, :.5 m
-2.18/-0.82 - 1.36. .10 a .2.31-0.2 - 2.1. 4h20 - .3.2/.0.3
a 2.9

FM-.OSX; BTO.12.l-1 SSOC6NUN.. 2oRP•, TO w 256A AX12) Cp w 355, Op w ,701294, ±5 = .2.391.1.96 n 0.53, t:10 -

•2.341-1.08 ,e 1.26, ±20 - -1.2W10.1 = 2.05. Hs(S) Cp w 9,.
Op a 10/111 .5 0 .2.91-1.7 a 1.2" .1 VO --3.&-O.I a 2.1. t.20I
- .5.212.3 - 7.5,

W-2; BMF-Si-169 Va. TECH. STRESS MEAS, SENTTO VLTECH 5122/ 700A LTO CAP

FM.D-OX; BTO.12.2 .GC/60k9N,.. 2ORPM. TO - 256A T41. C): Cp a 225/222. Op 41/94. + , - 1. 1. t0 10
.1.2/0.52 - 1.72. J20 a -0.3/3.6 - 3.9. ;TI(4EW): Cp - 221/218. I
Op a 45/103, ±5 w 0.35/0.1 a 0.4. ±t10 a (O6)/0.36 a 1.0.
:±20 0.2,/2.3 2.6%, IHg(CC): Cp a 1571. Op u 102/376,
•15 - 4.05/0.1 0.15. :1l0 w 0.1/.2 - 0.3. ±20 - (-0,2)10.6

S0.8. , HlIMEi: Cp - 1371134, Op - 6.I511. :*S -
•0.2/0.42-0.62. ""10(-0.26)l0.72u 0.96. ±20-0.2/1l.l 1.6;

Hg(EWN): Cp 1191114. Op = 13170. ±IS - 0.35/1.6S - 2.0. ±t10
w 0.6611.9 - 1.24. ±20 a .0.5/0.2 - 1.0

FWMD-ISX; BTO-12.3 55OC/16MIN.. 20RPM. TO 5 S06A. TI(4. C): Cp 0 14&/149. Op a 3/60. :S = ,0.1. :10 -2.71-1.9
50•TORR - 0., ±t20 a -3.2/(.0.6) w 2.6; TX(4M: Cp a 130/148, Op -

1455. :kS = 0. ±10 a 0. .±20 , .0.4;Ti(4. EM: Cp - 75/147.
Op a 41/54. ±5 a 0. :±l0 - 0. J-20 w O"KCC): Cp a
119/•26, Op - 41/42. ±t:5 - SON0. J-10 - 30NOS. :t20 ,,
ONOS; Hg(EW): Cp - 1151/18,Op a 2W301±5 - -0.6. ±.10

- a 1.2. ±20 - -4.41(.2.2) - 2.21 Hu(W: Cp * 1001106, Op =
31/21. :±S - a.0.5. ±10 =. 1..2. ±20 - .4.72/ (-1.2) - 3.52

F'MD4•6X; 370-2.1,4 5•10/602vlN., 201RPM. TO - SOGA, .......... ______________

SONTORM

FD- 10X. BTO- 130.1 490C/60MIN.. 20RPM. TO - MI56. AK4. 6): Cp m 203/204. Op - 5110. *5 - 7.2.-1.4 - 1.48. :±10
SOmTOR w -3.2/ (-2.0) - 1.2. 20 - -4.4/-2.5% - 1.4, A.K4. 4): Cp

a 191/191. Op - 27/64. ±5 - .2.71-2.2 0.5. ±10 - -2.96/4.1.8
- 1.16. ±20 -2.1/(.I.2) v 1.61 H(CC): Cp a 146/14. Op -
16/35, ±5 - .2.V1.1.4 u 1.4. :±:10 - (-3.24)Y(G.64 - 2.6. ±20,
Broke Don HIg(ES): Cp a 15/I.54. Op - 15/39. t5 =
-4.2/-3.4 - 0.1. ±10 - -5.6/-1.56. 4.04. :120 - (*8.2)15.2 I
13.4,HI(EE): Cp a 147/142. Op a 34151. ±5 - .2.92V-1.42 - 1.5.
:210 a (.3.9)1-0.5 . 3.4. ±2) a -4.85/0.11 a 5.76

FMD-.II X; BTO-13-2 51OC/30MIN., 20RP%, TO 2 256A. AK4, 6): Cp m 239/238. Op a 40/99.:tS a -2.5/-1.9 - 0.9. ± 10 I
a -3.1/-1.3 a I.5, ±20 w (.2.2)/0.6- 2.8; AE4.4): Cp a
241/240. Op a 44/103. ±5 - .0.1. :±lO -2.91-1.4 a 1.3,
±20 u (.2.32)/0 a 2.32; HI(CC): Cp - 122/122. Op - 126.
±5 - .3.91.3.1 a 0.5. t10 a -4.61-2.$ - 2.5. .- 20 - (-8)1-1.2 - I
6.85 Hl(EN): Cp a 10319S. Op a 3/12. :15 = -2.93/(-0.05) w 2.58.
±110 w .3.36/0.6 a 3 96, :20 a .2.72J(-0.2) a 2.52; Hg(EL): Cp
- 112/105, Gp a 10119. :±S a -2.2/-0.4 a I.$. ±10 - -2.6/0 -
2.6, :t20 (.2.4)/0.6 " 1.51H;g(EW): Cp w 92/51. Op - 5/10,

J.3 - w1.5, ±10 - -4.761.-.56- 3.2. ±-20 (-8.4)1(-4.5) -
7.6"Hg(ES): Cp - 140/121. Op w 14/22, I5 • (-2.2)10.62 -
1.66. ±:10 a .2.361-0.2 - 2.16. ±20 a -3.2M/0.32 . 3.6

FMDI3X; BTO-13-4 490C20MIN. 72.56 BUFFER A4(3, 12): Cp - 310312. Op a 35/142. :5 a .3.01-2.7 - 0.3. ± 10 I
a -3.2/-2.4 a 0.1. ± 20 a .3.1/-1.6 a 2.2;A(3. 9): Cp - 333/339,

Op - 53/171.±5 - -3.0/.2.65 m 0.35. ±210 -3.24/-2.36 a 0.88.
:t±20 a -4.2/-1.4 a 2.5 , AK6. 11): Cp w 73/65. Op , 39/173. ± 5
, -3.1/-2.65,- 0.45, +10 - .3.51-2.24,a 1.26. ±-20 - -4.72V11..16

- 3.$4; HI(CC): Cp " 73/65. Op - V/21, t5 a -3.91-1.6 a 2.3.
± 10 a .4./4-0.3 a 4.5. t20 n -6.32/2.0 8 5.32: Ig(DE): Cpu
73/63, OP a 5/11, 05 = .4.4/.2.6 1.5 I. 10 a ,4.4-0.64 -
4.2. ±20 a .5.6/0.4 - 9.0 H(EW): Cp * 13/12. Op - 112/11 1.
±5 w .2.55/4-0.62 u 1.93. :±t0 a -2.91/-0.1 a 2.85. ±20 - -3.6/0
- 3.6;

FN(03; BTO-13-5 5ioC/2o N, 15A BuFm A,12): Cp w 409/404. Op a 1131254.,± - -L231-1.3• - 0.3.
±:10 a -2.26/-0.S- 1.46. :120i a bebDme.A 9): CM - Ia
406/402.1Op - 109124. :5 -=.31-.4,5 0.-5. ±210 .
•2.31/0.54, 1.54. ±20 w DnksDmAJ2.13): Cp - 401/1397.Op
- 104/245. :S - -2.31-1.4 - 0.0. ±.10 - -2.3/0.1 I.. 120 a
BrkeDowuI4H(CC):Cp = I10,M.Op a 4243. :t5 * -1.354-0.4.
0.95. ±10 , -1.4/-0.2 - 1.2. ±l - B3losau.H•l(ES: Cp .
101/56.p O 12/16. :tS - .I.W.O.32 a 1.36. ±t10 a -2.0/0 a
2.0. ±20 w Broke Down,

B-7



Wafer # Experiment Test Results Comments
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FMD.04X; BTO-14.1 .50"C20 M1N.;13•A BUFFER. 10K M(C): Cp - 20412a0.Op a 42/145. t5.-0.1. :k0 1 1.01.36,
Al I50-C Dep &Pboa Uth. 0.36. *t20 w SONOS;A1(S): Cp a 2932188. Op - 47/154.

±5m0.2. ±20. 1.2/1.6 = 0.4. ,20 a SONOS•',•AK):Cp -

283/277, Op - 47/157.±5.0.1, 4.10-0.1. ±20 - 4.8/6 -

1.2;Hj(ES):Cp+314/307,Op - 66M146. $5 - 0.05/0.72 -

0.67, t.10 u 0/0.7 a 0.7. *20 a SOXOS;Hg(CC):Cp a 189/154,

Op u 24/59. t5 = 30S03, :10 m- SON,0. ±20 = ON0S.

FMD-05X; BTO-14-3 50"C130 HIN.;13'ABUFFER;NO .A(4, 9): Cp w 304/374. Op a 217/341. t5 a - 18/0.35 M- 1.53.

ROTATION;277 M AT EDaE. *10 - .1.3/0.7 - 2.0. *t20 - 0.6/32 - 1.72A.(6. 6): Cp -
200MTORR 433/425. Op a 195/352. V5 - -0.2510.75 - 1.0, *10 = -0.3/

1.08 a 1.34. 120 - SON S. AM. 12): Cp+393/364, Op a

154/294.S - -0.87/0.65 • 1.52;10 - -1.2/1.2 - 2.4. *20 0
SONOS; Hl(IR): Cp - 107/99,0 p - 1 ?61. ±$ - 0. ±'10 -

SONOS H(2R): Cp - 249/149, Op -221MS. 5 - 0.7/1.8 -

2.5, j 10 - -0.96/2.3 - 3.28, t20 - 0J41 (3RV. Cp = 142/140, Op

- 17/36. *S -3.1/2.1 - 5.2, *k 10 -0.8/1.6 - 2.4 :.20 ±0
Brak DOWn.

FOD.-06X; BTO- 14-4 .550C/30 NGN.;13SABUFFE'ENO AM4(4)41: Cp - 338/328. Op - 58/238. t5 0.2/-.52 - 1.32. :±10
ROTATION:5OOmTorw - SONOSAX(4, 5): Cp+3211 309. Qp+88/354. .5 - 0.3/1.45 -

1.15. ±-0 - SONOS;AJ(4, 2): Cp+321/314.Gp - 74/189. ±5
- 0.6/1.0 w 0.4. * 10 - SONOS'AHI (R):Cp • 74/63. rp a
30/11, *L5 i0 SONGS. tI. a S0N0S; Hg(2iO: Cp+386/79. Op
a W/72. .5" 0.7. :20 - 2.6/5.9 - 3.2, ±20 S SONOS; Hg(3R):

Cp - 131/ 122. Clp+15147, *.5 0.22/1.08 - 0.86. *10 t
0.5/1.26 - 0.7. *t20 - Broke Down.

FMD-07X; BTO-14-S 550°C/30 M[N.; 135A BU`FFENO A1(2. 13): Cp+315/3l. Op - 122/226_.t - -I.35/-1.15 a 0.2,
ROTATION;10 mTo"r *10 a -4.01/0.2 w 4.21, ±20 - .1.TJ7l.8 - 3.32;A(18. 12):

Cp+319/314, Op - 177/275.*5 .-. 6t5/- . - 1.15, *10 -

-3.9/0.76 w 4.66. ±20 - -3.8/1.3 - 5.6",A112. 14): Cp a 322/319,
Op a 104/215, ±5 - 1.48/-1..34,. 0 - -3.5/-0.9 - 2.6. *20
- -2.92/2.4 * 5.32;-Ig(R): Cp+170/168. Op - 31/62. ±35
-2.05/-0.85 - 1.2. ±10 - .3.7/0.7 - 4.4. ±20 - -2.2/1.2 -

3.43Hg(G): Cp+ 111/97, Gp+ 13/. ±5 - -1.315/0.5 a 2.7. ±t-10I .3.3/2.0 - 5.3. ±20 - .3.6/1.8 a 5.4. Hg(Y): Cp+150/142.
Gp+27/46. ±5 - -2.251-1.25 • 1.0. ±-10 a .4.41-0.3 = 3.6. ±20
- -1.1.8/1.0 a 2.8;

FD-19X; BTO-I. S 'i 550'C/30 G.N.:506A BUFFER.NO .13. I0): Cp a 165/165. Op' 29/57. 5 w .3.1/.2.45 - 0.65.

ROTATION:50mTorr ±10 - -3.41/4-.88 - 1.52. ±20 * -2.88/.1.0 1.88:AI(3. 7):
Cp * 144/102. Gp - 24/229. ±5 * -3.3/-2.9 - 0.4. ±10 w -3.7/-
-2.4 = 1.3. ±t20 - -4.32/-1..52 - 2.9;iHg(2R): Cp - 133/131. O p

14/29, ±5 w -2.28/-1.78 - 0.5. ±10 a -2.3/.1.56 - 0.94. t20 -

-3.8/14.2 = 2.6; Hg(4R): Cpu 1331128. Gp a 24/41t. :5 - -2.38/
-1.94 - 0,44. ±10 - -2.6/-1.76 a 084. ±420 - -1.4/4-.0 a 3.4.

FMD-20X. BTO.I5.2 S50"C/30 NaN.;487A LTO AI19. 12): Cp a 283/235. Op w 41/124. ±5.0.1.5. ±10.-0.4. ±20

BUFFER.NO ROTATION:2OmTorr - .3.12/-i.3 - 1.32; AIM(. 12): Cp a 279/278. Op w 47/125.

±5-*0, :210m0,2, ±20mO,4;Hs(2R):Cp a 117114, )p a
20/21, .3 •t -I.8-105 210 -1.7/-4.0 a 0.7, ±220 a -2.6/-4.0

I - 1,63,HI(G): Cp - 1"91 191., Op• 132/1.59. J.5 - -1.65/-1.20

a 0.45. ±10 - -2.0/1.0 - 1.0. ±20 -2.72/0 - 2.72

FMD-21X: BTO-.15-3 550C/40.MIN.;487 LTO A(3, 20): Cp - 249/247, Op a 22/76. ±5.a0.3, t 10 a -2.1/.1.4

BUFFERNO ROTATION;200mTorr a 0.7, ±20 a .2.48/-0.4 a 2.0841(3. 16): Cp 2835/213. Op •
34/108. ±5 -0. :t 10 -0, ±20 -O;Hg(R): Cp 1 296/183.
Op w 141/102, ±5 - .-. 1/.-0.65 a 0..5. ±t10 • .1.4/-0.44 - 0.96,
±20 a -2.4/0 a 2.4; Hg(18): Cp a 117/176. Op a 52/S1.

±5.0.3. ±10 - -1.44/.0.6- 0.84. :±20 - Broke Down.

FMD-23X; BTO-.15-4 3.50C/30 WN.;4873LT0 AT7..5): Cp a 233/237, Op a 30(73, ±5-0.25, ±210 a -2.3/-I.64
BUFFERNO ROTATION;200mTorr w 0.66. ±-20 a .3.40.2,08 a 1.32",Ai(5. 5): Cp - 250/249. Op .

38MJ9. ±3.0.4, ±10 = .2.-41,76w 0.64. ±20 m Broke
Down;Hg(2R): Cp = 89180. Gp w 12/15.4.5 - -2.V/-1.6 a' 0.6.

S~±10 w -2.4/-I..5 = 0.9. J7:0 a -2.7'2-I.4 - 1.32;HI(3R): Cp•

121/116. Op a 74/11. ±5.0.5. *.10 a .1.2/-.016- 1.04 ±20 a

- 1.96/1.2 - 3.16.
FMD-24X; BT.2 15.5 650'/5S0C/2aSMIN,;487ALTO A.(4, 9): Cp a 221/220.0p - 43/95, ±5-0.1. ±10-0.2,

BUFFER.NO ROTATION;200mTorr ±20-0.4AI(.5. 7): Cp - 238/237. Op - 47/105. ± 5a0.2.
±"10-0.2. ±20a0.4;HS(2R):Cp = 1031101. OIp - 28/37. 5 -
-1.4/-4,5 a 0.9. ±.10 m -1.4410.4 a t.04, t20 we -1.6/0

1.6;HI(3R): Cp w 1301/27. Op a 32/47. ±5 - -1.62/-0.9 "0.72,

I10 m -1.71-0.8 a 0.9. t20 = -2.0Y-0.48 = 1..2;



Wafer # Experiment Test Results Co°mments

FMD 25X; BTO0.16.1 530'C/30.%AN., NO BUFF8YA0 RPM AI(G): Cp -265t264, Op - 370/566, ± 10&t2O FUA,4
7 L& A Do% FERROE C BERAVIORAP'): Cp - 345/343. Op a

3251811. NO FEROELECTRIC RESPONSE;Hg(G): Cp -

229IS, GOp - 707/707, NO FERROELECTRIC RESPONSE,

FMEQ 01; BTO-16-2 50*Of3rMIN.. NO BUFFER 0 10;Cp a 357t355.Op - 176/170. NJ Ferrocu.ic R•momm'At

RPM, I A Al Doa> ±410 V&±-20 V. tlra Do•Amt .40 V.

FME 02; BTo. 6-4 470C/20 MIN., BUFFER 200A TO, A94. 6): Cp m 152=. Op a 42179. ±5a1.3, ± 10U3.5,
20 RPM. 200mTorr ±20 .f3.6; AJ(4, 4): Cp a 117/1t4, Op w 28/57. :5 wu 1.4,

"±"102.6. "20"3.6; Hg(CC): Cp - 132/115. Op - 109/86.

±s5w1.6. 110 -1.7. i20-m3.6; HIME): Cp - 74/62. Op-
9/7. *5$-1.4. ±10 -4.2. ±-20--19.6.

PME 03; 370-16.5 450-C/20 NUN.. BUFFER 100A TO, AXI(): Cp ab 141/238. Op w 25f76. is - 1,21, 110..-3,5 -
20 RPM. 200mToff .20-7.12; A9): Cp a 146/251. Op - 31180. is * 1.$.

t ±10-3.7. * 20m7.2; H8(CC); Cp a 128/172. Op - 92/37.
*k5-.7. ±10,2.8. *20-3.4: Hg(ES): Cp+1051166. Op _ I
17/33, +5m2.3. ± 10-4.5. ±20-a,3.6;

-: Bt -16-3 550"C/30 MIN.. NO BUFF. 0 * 10 V. Cp = 4 59
t
2 6

.Op m 175/3, AI4. 15): SONOS A(9. 18):

RPM ±10-0.76. ±20 a SONOS.

.%(VE. ICtPO6 SPUrTERE BTO. Rm.Toup.120 W. ±I10 V;Cp - 514/18, Op - 543/14. AI(4, 7) &AJ,4, 9) Dots
20i. 3Hr , ANNEALED 650"C SHOWED NO FER]tOE.ECnTRC RESPONSE.

FxEC.08; PZT-02.I TO(10), N(40). PZT. 550*C/30NNN., AX(S, I1): Cp a 59/72, Op a 11/13. ±5 = -0.6, 1!0w 1.9.

300mTORR.. RPM 0, 1 L& Al *20.2.2; Al(l. 14): Cp - 51/59. Gp a 9/11, *5s-0.35,
"ilrl.m13, "I20",2.4. HS(1B): Cp a 46/148, Op a 10/12. !
±s5-1.3. ± 10-2.3. ±20"-2.2; HI(2B): Cp - 62169, Gp 0

9/10, *S-0.6, ±10-1.7. 120-2.0.

FME.09; PZT-01-2 TO(10). N(40). PZT 5.50"C30 MIN.. AI(A): Cp - 61/61. Gp - 129/2Z2. ±5-0.1. i10-0.3. *20 -

300mTORR. RPM 0 Broke Dons, AI(): Cp w 61/59, Op - 140/464, *w-0, i
±10-0.2. ±20 - Broke Down. Ht(C): Cp - 52/52. Op - 6/I.
*5-0.7. :*102, *20 - 0O2.6 * 2.6.HgM(: Cp+5,/50,Op -
6/8, i5-0.7. ±10-m2.2, *20 - 0/2.18 - 2.88.

FME.i0; PZT-01.3 TO(10). N(40). PZT 550*C/40 WN. . AX(8 .9): Cp a 46/56.0p - 517. ±S:,,0.45 *0-l.8. ±20-2.1; I
300wTORR. RPM 20. A3. 6): Cp a 60/66. Op a 9/10, *5-0. *10-1l.l. ±20-2.4;

Hg(C): Cp 27t36. Op 6/3. sa.1.:5. ± 103.4. ±20 -6.8;
Hg(ES): Cp - 41/42. Op 4/4. ±5,-0. ±10-n3.0. *20,-4.6;

FM.1I1; PZT.01-4 .TO(0). N(40). VZT 500SC/40 NUN. AI(4, 6): Cp = 40/68, Gp - 12t7, is5,,0.6. ±10- a1.6.±20 I
300 mTORR. RPM 20 SONOS. A(3. S): Cp a 46/61. Gp 6 6/8. ±5-,0.6. *10, a1.4. ±20

a SONOS, HI(C): Cp - 38/52, Op 3 32/4. *35`-2.2, *10 -4.5,

±20=6.2; HI(ES): Cp a 46/53, Op - 4/5. ±5-2.2. ±10a3.8.
"±"20,-4.8.

FNIv&04; BMP.Si-178 DEP 150*C. 3000A. ANNEAL 490'C AI(4. 6): Cp a 58/81.0p a 12/14, ±"0,2.0. ±20a6;AJ(4.4): Cp

I XA Al Doe. 65/187, Op z 13115. ±-10a. 1.4, ±20-3,2;H, ll(C):Cp - 56/97. Op

w 33/53. ± 5 -2.5 ± 10w3.4. ±20-6.18;HI(ES):Cp a 65/82. Op a
16/21, ±5-1.9, ±20 a -3,.. ±.20,8.2;

FMD12.X; BTO-13.3 510*C/20%QN.. 256A BUFFER TO, AJ(4. 12): Cp - 284/286. Op - 421129, :5 w -0.2. ±10 a
200m"'or'. 20 RPM. 450.M BTO .2.11-1.9 a 0.9. *20 n .2.4/-0.2 a 2.2, ;AE4. 9): Cp - 287/288,

Op = 42 112 6. ::5 ,- - 0. . t 10 w -2.81- .6 -0.7. i20 -m 1
-2.6/.0.6 - 2.0. AXI. 10): Cp - 283/285, Op n 43/t26. 2 0 0. 2

-0.2, ±:10 a .2.61.1.6 - 1.0. ±20 w .2.48/-0.08 - 2.4. ;Hg(CC):
Cp a 148/123, Op a 111/75. i s - -I.91/.4.02 = 0,96, *20 -

-2.2/.0.7 - 1.5, ±20 - -2.32/-0.2 - 2.12, ;H#(ES): Cp w 116/111.

Op - 12/21, -t5 , -,1..1. * 10 - -4.7/1.1,1 a 2.9. ±20 -
S7.6/.0.48 - 6.1, ;H#(Er): Cp a It8/117. Op a 164/161. ± 5 w

-1.85/0.82 - 1.06, *:!10 - -2.041-0.6 u 1.44, i20 - .2.40-0.48 .

1.92;1
'IP"/P;'BM.Si.283 DEP200"C, 2500A. ANNEAL480*C AXC): Cp - 78/87, Gp a 160W148. :t"10 a FIAT. ±20-6.4,

IN H2 . I KA A' Do-. AKE): Cp - 76/18, Op a 127/144, ±.0 * FLAT, i20-4.88,
HI(C): Cp - 66/10. Op - 110116, ±:5 0.7. *010,.5. *20 u

-16/3.4 - 19.4;H1g(E):Cp a 72/15. Op w 131/130. ±20m 1.2.
*20 w -17,7/-2.6 - 15.2.

T/P*; BMF.Si-180 LARGE PIECE. BEST POLY, 200*C. 'AI(A): Cp+ 105140, Op ISIS. :110&20 w FLAT;AKB): Cp -
2100A, ANNEAL H2, I k, Al 47150. Gp - 30/27, i 10&20 - FLAT;Hg(C): Cp a 72/54, Op O

Daof. 32/40. *5s-0.6, ±20 - 1.3, ±20-12.4;Hs(DO:Cp - 58/59, op
- 35/73. *5-0. *10-1.0. *20 - 10.8.
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Wafer # Experiment Test Results Comments
FME.15,BTO.17.1 (313-1021 200AT• , 470CI/19 MIN., 20 RPM. AI(9. 10):Cp =6/227.0,p 31/63. ::-0.25, :t0-l.7.
' !BT.7I 5 10 mTORR ::20,,3.5A J(9, 7): Cp a 137/242. Op a 28/75, :0. .2.

± 10-0.6. ±20-2.5; Hs(CC): Cp a 84/142. Op - 55/233.
±35-0.4. ±410-2.7, ±20=8.0: H8(ES): Cp w 100/205., Op -

43/136. t5w0.5, ±10-2.9, ±20m10.2;

FME-.16;[33.1031 BTO-I7-2 200 A TO. 450*C/30 NUN. 0 RPM. A(2 10): Cp w 208/207. Op a 37/69. :0 w -2.681-2.38 a 0.3.
10 mTORP• ,410 t- -2.7/4-.6 - 2.1. ±20 - -10.72/-4.48 - 6.24; AI(2. 9): Cp

- 151/11t. Op n 32/58. ±5-0.15. t10 n -5.40-3.2 a 2.2. ±20
- -11.0/-2.88 - 8.12;Hg(EN. 0): Cp a 20 4

/1
99 .Op - 189/216,

±5-0.25. ±10 - -4.44/.1.7 a 2.74. ±20 - -7.4/2.4 -

9.8;Hg(EN. B): Cp a 2U/208, Op w 31/63. t5-0.3. k10 a
-5.96/-3.1 - 2.65. ±20 - -9.4/-0.2 a 9.2;

FME-171[383-104j BfT-17.3 200A TO. 450"C/30 MIN, 0 RPM. AJ(3, 14): Cp - 233(237. Op a 27/68. :t5 - -4.77/4.52 - 0.25.
10 mTORR. ±10 - .5.361-3.84 - 1.52. ±20 - .10.72t-4.48 - 6.24;A(4. 12):

Cp - 256/255.0 p 43/49. ±5a0.18. ±410 - .3.9/-2.3 a 1.6.

±20 - -6.56/.2.08 u 4.48;Hg(O): Cp w 36/0,. Op a 21/23,. ±5
-I.4/41.11 - 0.22. :10 - -3.1/0 = 3.1. ±t20 = .6.2/5.0 a

11.2;HsH(P):Cp+ 163/18. Op - 25/44. ±5:-0.1, ±-10 u -1.44'-0.8
" 0.64, ±20 - -6.2/1.4 - 7.6;

FMNE18:BTO-17-4 200A TO, 450"C,'30MIN, 0 RPM AIM(5, 2): Cp - 269t266. Op a 541115, ±5 a .1.5/.0.75 a 0.75.
50 wTORR. ±10 - SONOS. A(5. 4): Cp a 264/263. Gp - 55/113. ±5

-2.35/-4.65 = 0.7. ±2-10 - -2.7/-1.0 n 1.7. ±20 - BROKE

DOWN; AM(3. 2): Cp u 266/164. Gp w 59/115. ±:5 a - 1.851-1.0
a 0,35, ± 10 a SONOS. HIg(2R): Cp a 88/83, Op - 49/50. ±5
- .0.86/.0.I n 0.76, ±-10 - SONOS. Hg(3R):Cp t 182/165.
Op - 1141120. : 5 - .1.58/-0.65 * 0.93, ±10 - -1.78/-0.512D
1.28. ±20 =B EROKE' DOWN;

LE7786-09;BTO- 12-8 200ATO. 450"Cr20 NLN., 200mTORR ION MILLED AT STC
20 RPM.

LE$776-10; BTO- I8-2 200A TO, 450 'C/20 MIN., 50m (4. 9): Cp - 199/186. Op = 240/314, 15 - -0.4/1.05. ±10 - ION MCIL•I AT STC
TORR. 20 RPM. -0.76/1.6 - 2.36, 20 1.85.2 a 3.92;(4. 7): Cp 200/191.

Gp -2.53t283. ±5-`5 011.1.5. t.10 - 0.36/1.76 -2.12. 4-20 -
I ~ 1.9V/5.63 a 3,76, (3. 6): Cp at 201/198, Gp 201/229,.,:t$5st

0.6511.65 . 1.0. ±-10 a -0.1/2.3 a 2.4. ±20 • 2.88/7.0 - 4.12.

FM•-19;BTO-18.3 5500Ct20 MIN. 50 mTort. 3000C/3 Hg(CC): Cp = 116/111. Op = 21824, -5 -0.3/0.05 a
MIN. 200mTorr. 20 RPM. 0.35;-± 10,.0.2, 20 a SONOS;Hg(E): Cp - 146/141. Op a

114/125. ±5S - -0.25/0.05 - 0.3. ±10aO.0S. ±t20 a
SONOS;Hg(ES): Cp = 89/141, Gp u 45/95. ±5,-0.4. ±-10 0.2.
±t20 w SONOS,

FMIE.20;BTO.18--4 $$O*C/20MWN., 10mTORR. 20 A1(4, 6): Cp - 211/211.Op - 0.5/57. ±5 - .3,65/-2.9S - 0.7,
RPM, TO 200A. ±-10 .-4.9/.2.64 a 2.06, *t20 - -7.0/-0.2 w 6.1;AI(5. 5): Cp aI551193.0p w 8/50. 5.50.4. ±10l1.76, ±20"6.0:;(CC):Cp =

127/121.Op - 10/22. ±5 = -2.851-0.4 w 2.45. ±-10 n -3.9/0.1 -
4.0. ±20'u .3.56.0.2 a 3.36;Hg(ES): Cp - 156/155. Op =
239t$7. t±5 w -4.15/.2.05, a 2.1. :t±10 w .5.381.1.0 m 4.38. ±-20

-5.52/-0.2 w 5.32.
FME.12; PO-I-I IOA TOX/400A NITRIDE. 0 RPM. A1(4. 12): Cp - 54/59. Gp - 15/8, ±- IO&t2O&±50,NO

FERROELECTRIC AU4. 11): Cp a 63/75. (I a 17/13,
± 10&±t 20 NO FERRO.ECLLIC Hj(C): Cp - 62/69. Op w
51/. ±O !±020 NO FERROELECTRIC WINDOW

PM.21;2Br-18-5 470*C/30, NN., 10 mTORR.. 0 RPM A•(6, 2): Cp a 122/175. Gp- 30/w4. 34-, 0. ±-10-a 2.1. ±-20 ft
6.2 AJ(6. 3): Cp * 96/176. Op a 23/62, 5-a 0.2. t-10, 2.1.1.3 ±20a6.1 Hg(C): Cp a 883/4, Op w 29/26. ±:t50, ±210= 2.6.
±20- 6.4 Hg(CC): Cp * 77180, 0O a 41148. ±50. ,
.±10,-2.7. ±20,07,2

FNI(MF-013:;BMF.Si-15 O.T. a 1500C. RTA 600-C. 10 AI(9, 10): Cp a 101/101. 0p w 14/56. :t S 1.12/3,0 a 1.83.
SEC., IN H2/N 2. 270 mM AT ±-10 a -0.21/3.5 a 3.4. ±20 w .1.2/10.8 a 12.0. AM3. 8): Cp w
CEN'TER 1141107. Op - 16/63. ±:5 a 0.5/2.65 - 1,. -100 - .0.5/3.44 w

3.94. ±-20 - -2.55/9.2 = 12.08. Hg(CC): Cp a 88/35. Op w

/2543. ±5 a -1..6/3.52- 5.122. ±20 - .3.62/4.44 - 8.06. ±-20
BROKE DOWN, HIM(E): Cp a 106/102.0,p a 34/621.5 ±

12.72/2.95 a 4.67. ±k10 a -3.32/4.24 a 7.45. ±t20 a .14.8/6.45
• 21.28

Fb.09;BTO-19.1 1oA TO/2ooA, NIT.. 450•C/30SON., AJ$, 2): Cp w 2090. 0p, a 0.5/52, ±5 w .3.6/-2.15 a 1.45. LASER FOCUS
S0 ITORR.R 0 RPM t 10 a .4.36/-1.36 a 3.0. ±2-0 a -2.4/2.8 - 5.28. AMS. 3): PROBILnA.

Cp a 115/185, Gp u 5492. ±5 - .3.25/.2.2 - 1.05. ±10
•3.8.1./5 - 2.3. ±-20 - .1.0/2.36 w 3.36, A1(4, 2): Cp a3 203/202. O , 29/61. ±10 a .3.,6/-0.72 a 2.54.

A-in



Wafer # Experiment Test Results Comments
FMF. t0;BTO-19.2o I0OA TO'200A,4 NIT.. 450'C/30 MIN,, AI(1S114): Cp - 240/240,. Op = 551101. ±5 a .4.2. 79.3,7 = 0,47,

50 .TORR. 0 RPM. 4*10 = -4.71.3.4 a 1.3, t20 - BK DOWN, AE•I6 16): Cp n
20720r6. Op w 48/10, :k±5 - 3.46/-1.75 a 1.735. *10 =
.3.96/40.74 w 3.22. , Hs(C)" Cp 771/61. Op -, 6/21. ±5

•2.71-1.05 - 1.65, * 10 - -.3,4/ .0.56 w 2.88. ± 20 - .0.6/3.8
- 4.4. HS(E): Cp - 172/171. Op w 37/57, t5 - .2.83.2.3
a 0.5. t10 m -3.11-1.3 = 2.5. ±20 a .5.2/2.6 - 7.5.

FMPF-1;BTO-19-3 IOOATO/200,NAT,. 450°C/30NUN. AE5, 3): Cp a 2141213, Op w 46/0, t5 = .3./-5-.9 a 19.
5OmTORR. 0 RPM :±10 a .2.361-0.. - 1.56. 120 a .-. 7253.8 - 5.52, Ai(4. 2): Cp

- 22=019. Op w 54/92. "5 a -4.05/-2.2 = 1.15. :±0 1
-5.361-1.24 " 4.12. ±20 - -2.881/3.6 = 6,41. HI(A): Cp "

120/112. Op - 12/20, ±5 a -2.4/-1.3 - 2.1. :±10 A..27/.0.64
- 1.56. ±20 - -0.4/2.4 - 2.1, HS(B): Cp - 143/139, Op a
17/28, *.5 = .2.05/-1.31 a 0.67. ±10 - -2.31-1.1 - 1.2. ±20
- BK DOWN.

FMW.22;BTO-194 IooATOf200ANIT., 550"C/30MIN., A.13. 17): Cp - 382/380.Op w 65/192. ±5-0.25. ± 10 •
50 rTORR. 0RPM. -2.1/-1.2- 0.9, ±-20 - BROKE DOWN. AI(I1. 14): Cpa

421/421.Op w 239/239. ±-5 a .2.6/-2.31 0.5. ±10 a

-2.341.1.6 0 1.24. ±20 a BK DOWN. Hg(IR): Cp •
270/152. Op = 511438. 5 .2.551-0.95 a 1.6, ±10 •
-2.1/40.3 - 2.5, ±20 - BK DOWN, HS(2R): Cp a 117/117.
Op - 61/52. ±5 -.1.3/0.3 a 1.6. *10 • -1.561-0.2 w 1.66,
±20 w -1.12/0.2 1 2.32.

FM3,(6;PaO.'2 i.00ATO200,ANnT., R.r, smTORR. Hs(R): Cp - 44,51, Op - 1619. ±0-0.6. ±20 = -9.28/-4.2 a 1.0
30 MHN., 0 R, PM. FtURACE

ANEAL

FW4-17F•aO-2.2 100ATO/20OANnT.. RT. 50 mTORIL Hg(R): Cp a 61/66. Op a 13/46. ±5 a .2.31-2.62 - 0.18. * 10
30 MXN., 0 RPM. RTA - .3.0/-2.56 - 0.44, ±20 .6.V/-0.64 - 6.16

F-MF-II;PZTO-2-1 100ATwOo2AsmT swmoa30MN, AK3. 3): Cp • 11014l. Op - Z2/49. ±1:. - 0.41i.7 = 1.3. ± 1!0 w

300 mTORR.. 0 RPM 0.56/1.5 - 0.94. ±20 - SONOS; AI(2. 2): Cp a 101/100. Op a
19/34, ±5 w 0.52/1.18 a 1.36. *10 w 0.5/I.7 - 0.9. *20 •

SONOS, Hg(A): Cp - 45/43. Op a 3/9, ±S - .1.3/3.0 a 4.,

"± 10 w -2.56/4.6 a 6.66. ±20 a SONOS; HI(B): Cp * 50/48.
Op a 4/8, :L5 a 0.45/4.1 a 3.65. *-10 = -2.1/4.5 a 6.6. ±20
- 2.81/4.2 - 1.32.

FMF.19;PZT.2.2 100A TO/200 NIT. 550'C/40 MIN. A1(10/15): Cp = 60/46. Op m 12M. ±10-0. ±20-0; AI(9. 9):
300 TORR. 0 RPM Cp a 82/56. Op a 26/24, ±:10m0.2. ±20-0.2. Hg(A): Cp -

37/31. Op a 8/122. 5-0. ±10a3. ±20.3. HS(B): Cp a
59/49, Op a 35"27, ±5-0, *10m1.2. ±20a3,2.

FME-22:BTO-19S S50"C/30 MIN.. 200 mTORPR 0 RPM .1(5. 3): Cp m 273t271. Op a 591132. ±5 a .1.7/-0.853" 0.55 I.
±120 w -2.1f-0.4 w 1.7, ±20 a 0.2/V.28 a 1.48,. A4(4, 5): Cp a

212/284. Op a 312/13, ±5 a .3.6/03.22 w 0.38. ±10 a

-4.2/.2.99 a 1.22, ±20 a BROKE DOWN, Hg(IR): Cp
162/157, Op - 176/190, ±5 a .1.5/0. 15 a 1.65. ± 10 I
.1.54/0.4 - 2.24, ±20 a -0.72J2.08 a 2.8. Hg(2R): Cp a

63/156. Op a 11/38. ±5-1.4, ±10.3. ±20 a BROKE

DOWN.

FME-.23;BTO-20-1 550'C/40 MIN. 10 mTORR. 0 RPM H(C): Cp m 189/187. Op a 143/173, ::5 a .1.51-1.3 - 0.2.: ±10
='.3.01 .1.24 a 1.76::1±20 = SONOS

FME-24:LBTO-3-1 550°C/40 NON.. 50 mTORR. 0 RPM A1(0., 16): Cp - 311/310. Op a 25/116. J.5 a- 2.39/-1.48 a
0.9. ±110 =-2.11/-0.76-=2.04. tIO1-22..111-0.76-=2.04, ±120

a .2/4.4 a 6.4. A1(9. 13): Cp a 3611361. Op a 44/164. ±50a 2

-2.159-1.5 a 0.65, ±10 a .2.V1-0.76 a 2.04, ±20 a -2/4.5 a

6.5. HI(IR): Cp a 102/100. Op a 25/31. ±5 a -2.40.0.35 a

2.05. ± 20 a -2.6410.3 a 2.94, :±20 a BROKE DOWN.
HI(2R)! Cp = 111/108. CIP a 93/11,".5 iS .2.5N-0,62 a

1.93, ±2I0 a -4.6/0.44 a 5.04, ±-20 a -7.36&4.08. 11.64;
AFrU 400"C/1 Hr. BArE 250TORR O2: AKO. 13): Cp a

311/308. Op a 30/114. ±10 a .2.6/2.2 a 4.8. Hg(IR): Cp a
151/244. Op - 311205, JI0 a .2.811.11 w 4.6. Hg(2R): Cp a,
83/83, Op a 7/14. ±10 a .3.1/1.1 a 4.3.

FWI.S;LBTO-3.2 'OATOf200ANTT.,550°C. AXI(0. 15). Cp a 1751175, OP a ?274;2±10WINDOW = 0; AX1(0,

SOTORB. 0 RPM. 9); Cr a 218/215. Op - 174, 210 WINDOW 0. HgI(R);
Cp a 211/111, Op w 12/20. ±S a .3.7-1.92 = 1.71, ± 10
-4.92/.1.0 = 3.92, ±*20 m .9.04/1.6 - 20.64

FAMFF.10, 3; LBTO-3-3 200A TO, 559'C. 50mTOR.R LONG A16. 5): Cp w It2/112. Op • 4V/46. 210 WINDOW a 0A1(S.

DEP. 0PRPM. 5): Cp a 124/124, Gp a 53153. ± 10 NDOW a.I

B-11



Wafer # Experiment Test Results Comments
JFM.F6;rBTO.20.-2/ CJN O. 450*C/40 •N.. 20fORR. 0 RPM Smi Bak To STC
IB , SUPER COND. 5500C/30 MIN 0

RPM

FMP 7 1Z1'0-3-4 YDCO 450-C/ Ht(SHz), looAMMofooA 7 NI . 1Sm Bec To SiT
20OmTORR. 0 RPM.

lF.o-UTo.20.3 Il•O 'OAono rm.. 45O'CrH•,.. A(S,. 10): Cp = 233M3.0, Op a 939. ":L20 Windo 0 ;
S14z.. 20OwTOR.• 0 RPM. .AX(11.10): Cp a 218/218. Op a[ '4n'4. t20 a Window -, 0.

FMG.02;BTO-20-4 450O'C1Hr.. 51-U. 200wO I 0 03. 6): Cpl ="1/271. Op• 114/114, t20 Window a 0,

RPM AJ7. 8): Cp ,,252/252. Op ,,100/100. :t20 Window w 0

FMO.01:LSTO0-2-1 450'C/214,.. SHz.. 200wTORR. 0 AI(6. 4): Cp -158/151, Op -37/37, t20 Winow = 0:
R•PM AIK4, S): Cp •176A176. OpD a •S0/50 :20 Window - 0.

FM4F-20.BTO-21.3 YTTrRIM BUFFER.YSZ.1-h1450C1 INDWM DOTS ON TOP BT0 HAD HIGH CONDUCTVTY; ±2
20MEN.. 10 Hz.0RPM, SE4 02, VOL73 a,0. 1 V WINOW

BTO 450"C/25 N.. 10 Hz. 0
RPM. 56.4 02.

"FMF.23;LBTO-I-1 450C/40NUIN., 200 mTORR. ITO 170(3.4): Cpu 185/174.Op a 1034/1006, ±S - 0/0.43, t10
DOTS ON LBTO. 0 RPM. -0.2/0.64 - 0.84. ±20 - 0.8/2.36 - 1.56; nT0(3. 6): Cp -

210/201. Op a 125711218. ±S = .0.2/0.35 s 0.55, ±10 =
-0.4/0.5 - 0.9. ±120 - 1.0/2.8 a 1.8: Hg(IR): Cp a 275/264. Op

576/619, ±5 - . 10-0.h. ±20 w BROKE DOWN,
Ht(2R): Cp - 202/198. Op - 99/133. ±5-0.1. ±10-0.2.

±20 a SONOS. HI(OR): Cp = 347/327, Op. 496/554.
±15-o.1. ""100.2. ±20 - SONOS.

FMF-24;LBTO-1.2 450'C/40 ]N.. 50TORR. 0 RPM. 170(4. 5): Cp m 183/189. Op - 123511203. ±S.0. ±10,0.
rTO DOTS. ±20,0, w 70(3, 3): Cp a 215/275. Op - 677/706 t5,m0.

±10O0. ±20-0. Hg(IR): Cp - 487/452. Op a 1520/1589,
±5t-0. ±10-0. ±20-0. HI(OR): Cp - 130/129, Op -

62/79. ±5=0. ±10,0.1. ±20=0.2.

FMF-25;LBTt-1.3 450'C/66MUN.. OmTORR. 10Hz. 0 TiW(5. 4): Cp - 275/263, Op a 1078/1091. ±10 - 0. ±20 - 0;
Rpm. TiW 700j DOTS ON L.TO flW(3, 6): Cp a 139/177, Op - 1587/1551. ±210 - 0, ±20 0

Hs(OR): Cp - 1531151. Op - 176/195, ±10 = 0. ±20 = 0.
Hg(3R): Cp - 164/A62. Op a 61/83. ±10 - 0. ±20 - 0;

FMo.3;BTO-21.2 / GO-2.3 BTO 450015 MIN, 200 mTORR, 0
RPM

FMO-4370.21-2 R.T./40NCN. 200mTORR. 10Hz. 0 Hg(0);Cp a 12.6. ±20a2.0. HI(E); Cp - 19. ±20m12.4,
RPM Hg(B); Cpu- 13.7, ±20 "_1.4.

FPtO-12;LBTO-2-4 450*C/40MIN. 10H1z. 50 mTORR. 0
"RM

FMO-IX;BTO-21-4 (FMOl25) A50*C1•0GN.. 200TORR. 10Hz. Hg(R):Cp a 201.4. ±10-2.45. Hg(QO; Cp a 200.4, ±5a1.8.
0 RPM Hg(N);Cp - 202.,3. ±20a2.4. Hg(L);Cp - 146.6. ±10,11.

HO(K); Cp - 144.8. ±3- m1.8. Hg(E);Cp - 146. ±20-14.8.
Hs(D); Cp - 223.3. ±5 w- .68. Ht(C); Cp - 225.3. Hg(B); Cp
1 22.5. ±20 -2.9.

FMG-3X.BTO-21-6 450*C/30 MIN.. 50TORP. 20Hz. HS(F);Cp - 488. ± 10-0.45, Hg(E);Cp a 395. ±20.0.8.
0 RPM Hg9C);Cp - 293. ±210-0.3, HI(A);Cp - 290. ±20,,0.7.

FMF-22;LBTO-2.3 450"C/40JNU.. '5mTORR. 0 RPM, 1IW(3. 4): Cp a 490/460, Op a 1005/1155. ±+0 - 0. ±k20 - 0,
1400A T7W DOTS ON LBTO TIW(2. 4): Cp a 637/599. Gp a $50/1139, ±20 - 0. +'20 0

Hg(IR): Cp - 344/332. Op - 652/782. ±10 w 0. ±20 - 0;
HS(2R): Cp = 432/412. GO m 652/782. ±10 = 0. ±20 s 0.

F'M0213;L3BTO-14 550"C/30MIN.. 200mTOR. 0 RPM. HS(IR): Cp - 103/103. Op - 16/27. ±5 = 1.32/2.08 a 0.76.

600A QUARTZ CAP (SMTTED) ±10 a 1.06/2.2 a 1.14. ±20 a 1.4/3.52 s 2.12. HS(2R): Cp
97/%, Op s 26/25. ±5 • 1.25/1.92 - 0.67. ±10 a 1.1/2.2 a
1.1. ±20 a 0.8/3.12 - 2.32;

FMG-OX;BTO-21.5 450°C/30M[N., SOTORIL 0 RPM, HS(IR): Cp - 213/210. Op a 151/205. ±5-0.2. ±2100.1,
600A QUAMTZ CAP ±20,0.2, HS(2R): Cp a 148/148. Op a 66/108. ±5 - 0.5/0.65

a 0.15. ±10 - 0.5/0.9 • 0.4. *20-0.4.

FMG-SX;LBTO-2-5 5$OC/30MIN..200mTORJ. 0 RPM. NO CAP: HS(C);Cp = 151/150. Op a 16/37.±S a -3.22/2.51 -
200A OX BUFFEI.-APER 600A 5.8. -10 ,, .2.2/3.2 - 5.4, ±20 w BOOKE DOWN; Hg(IR);Cp
SKTTERED QUARTZ CAP - 239f233. Op w 173/227, 0 - -0.65/0.1 - 0.75. +10

.0.05/0.45 - 0.4. ±20 a BROKE DOWN:----CAPPED:
H#(CC).Cp - 89/89. Op a 35/18. ±5 - -1.1/0.35 - 0.75. ±10
a -1.2/0 1 1.2. ±20 s 1.0/1.U8 a 0.38. HI(R);Cp = 114/114.
Op' 16/29, ±S a .1.66/-0.38 - 1.3. ±10 a -I.280 - 1.84,
*±20 -1.0/1.0 w 2.0.



Wafer # Experiment Test Results Comments
FMG.4X;BTO.21.7 450"C/30 MIN.. 50 =TOMR. 0 RPM VI(C); Cp 1 152/147. Op - 77/985. * a -0.71/3.03 0 3.83; *t10

I 0.612.01 x 1.41. ±20 w SONOS; HI(IR). Cp n 312/298. O -I
633/1g9, *5-O0 t30 = SONOS..

PLNN. ST, BTO ON Si NO OBSERVABLE HYSIEEIS

PENN. ST. 'TO ON Hs(L). Cp - 166.5. ±10-0.6. sg(A); Cp w 150. t20mS6.

NrrRDE_
PENN. ST, POO ON 31 LO.31 Hg(A); Cp a 34.36/36.27. Op a 23/4.5, ±-w2.6. :itO-S.6.

±20- 7.5. AFTER ANNEAL 50C/2rI. 250 =TRR OX.

Hg(AA)-.Cp - 70.W465.37, Op - 30/17, ±5-0Q, tl0-S.S.3

PENN. ST. POO ON Si LO-32 Hc(G);±50.6-. Hs(F);Cp - 32.42, t42m22.5. HS(;Cp =
32.22, *35m17.3 Hg(D);Cp • 31.53, *220wS.5. Hg(C).Cp a
30.2. 32, $m3.6ANN1BALSO*Ct2Hf.250TORROX. Cp -
45.64/42.15, Op a 14/, ±5 0. t10a1.9, *20 - SONOS.

PENN. ST. P(0 ON Si L4.33 NO OBSERVABLE HYSTERM13

PENN. ST. POO ON SI L.O-34 HS(E);Cp - 39.72. ±50-4. Hg(C).;t±0-6.1

FMO.6X; STO-22-1 SSO"CP3OMI.-.200mTORR, 0 RPM. Hg(C); Cp I I51120. Op - 24&/342. ÷5,,6.1, ±.10 - 2.1/8.3
"- 6.7. ±20 - SONOS; Hg(IR). Cp 2071/198. Op u 255/353.
*5-0, ±10 3SONOS

FM1F21; LBTO-2-2 550*C/4MIN,.5OmTORR. 0 RPM Hg(C); Cp+529/507, Op • 401/622, ±5 a 0.62/0.9 a 0.28, 310
- 0.4/0.96 a 0.56. t20 2/3.2 - 1.2; Hg(IR); Cp a 208/205,
Op = 16/56. ±5 a 0.15/0.52 - 0.37. ±10 - 0/0.76 - 0.76.
_k20 a BROKE DOWN.

FMO.14; LBTO-1.. 55O*C133MIN.200mTOR.& 0 RPM. Hg(IR); Cp 292/2853. Op 0 513462. ±53-0.25. :t 10O0.3,
BUFFER OfNMI• DE OX)DIZED 120 - 1.0/1.92 - 0.92, Hg(C); Cp - 459/457. Op 351/47, i

*5 -0.3. :-10 m -.1.61.06 0.54, *20 1.0/W.2 - 1,52.

FM3.;15'IBTO-.11 OX/NIT. BUFFER. SO*Ct30MIN. Hoi(C,;Cp = 146146. Op n 1429. 05 a .0.93/0.07 a 1.0. ±10
200 wTOU•. 0 RPM.; TIW Doe a -3.24/0.36- 1.6. ±20 - 0.2/2.6 w 2.4; Hs(; Cp - 186/185,
DqdTru Op h 90/119. *5 - -0.8/-0.28 - 0.6. ±:0 w -1.1/0.05 1.15.

±20 - 1.02.6- 1.6.
TIW(6, 8);Cp - 705/632. Op .

778/1498, ÷5- -0.55/-0.1 - 0.45. ±10 -0.310.2 a 1.0; I
rTW(6. 7); Cp 3-96/70. rip 668/889. 5 a .0.5/0.2 a 0.7,
±30 a -0.8/0.6 m 1.44. ±20 - -0.48t2.2 - 2.65

FMO-16;NOPZT-.11 LT./30MIN. 200mTORR. 0 RPM. Hg(C); Cp 14/13, Op 0/1.4. ±Sw7.2. ±10m14. ±20 I
RTA 650C/1,OSEC 02- -0.2/19.2 = 19.4. Hg(IR); Cp - 14/13. Op 0.7/1.1, ±5a.6.6

±310 a .. 3/9.5 a 12.8. ±20 - BROKE DOWN
FMO-17; NOPZT-.12 5SOC/OMIN, 300 cuTORR. 0 RPM Hg(C); Cp 36/29. Op , 6.7/14.3. ±5-t1. -t10 a .2.6/7.1 a

9.7. ±20 m BROKE DOWN: Hg(IR); Cp n 66/62. Opm 10/44.
±5 - .0.9/1.1 - 2.05. ±10 a -1.5/3.6 - 5.1. ±20 - -0.2/4,6
m4,.

FMG.1$; NTO-I-2 . 50"C40 MIN, 200mTORR. 20 RPM Hg(C): Cp a 275/269, Op a 3651912, ±5-0.3, ±:10.0.6. t20
QUARTZ CAP - 624A. 1W DOT3- - BROKE DOWN, ; Hg(EN); Cp - 161/159, Op- 14/39.
1620A ±5-0.15, ±10-1.0. ±20 m SONOS. TM3. 6). Cp - 274/271. I

Op m 135/190. ±5 - 0.49/1.61. ±30 - 0.5/1.9 - 1.4. ±20 =

1.6/3.52 = 1.92; TiW(7. 9);. Cp - 351/3$0. Op a 341/400. ±5S =
.3.321-2.585 0.8. ±10 - .3."/2.16 - 1.28. *20 - -2.2/-0.2 -
2.0.

FMG-19;NBTO-I-3 550'Cr20 MIN. 200mTORJ. 20RPM. Hg(EN); Cp 1 1931191. Op a 46/82. ±5 = -0.2/0.7 - 0.9, ± 10
30Kz w 0.2/0.7 - 0.5, ±20 a BROKE DOWN. Hg(EEN). Cp -

1387114, Gp w 76/103. ±:5 - .0.75/0.45 - 3.23. ±10 - -0.9/0.6
- 1.5, ±20 -•.2f2.08 2.28.

07X:NB'TO-2.3 350*C/40IUN, 2000TOM. 20RPM. HI(C);Cp a 250=271. Op a 904/1562, - 4.1 /'0.1 - 0.2.
10 &. BUFF. a 200A TO. ±10 = 0.05/0.76 a 0.71. ±20 w BROKE DOWN. HI(EN); Cp -

602/561. Op - 339/705, ±5-0.2. 30 1 - -i.01-0.64 = 0.36,
4.±20 - BROKE DOWN

FMG-20;NPZT.I.3 R.T./IIMIN. 200mTORR. 0RPM. HS(C); Cp a 41/41. Op w 0.3/3. t5wl.75. ±10 u 1-..3/3.9
10Hz. RTA 650"C/I1SEC. 2.5. ±20 • SONOS; H(IR);Cp - 50/49, Gp - 4/6. 5S2.4.

7169-. :NBTO-2.2 530"C/40M11. 20mTORR. 20RPM, ±10 V4.6 w 2.6. ±20 BROKE DOWN.

IOHz.

7869-?2:NBTO-2.3 BUFF. OXI•NT/OXIDATION;

500"C/60MV.. 200wT0-qR.
20RPM, 10Hz.
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Appendix C: Westinghouse 8K FERRAM Test Vehicle Design Description

'The 6083 FERRAM maskset consists of four different designs incorporating ferroelectric technology. These
four designs are the 6081, 6082, 6084, and 6085 chips. the 6081 chip is the 8K SONOS EEPROM designed
by Sandia National Labs (SNL) and successfully built at ATL as the 6071 chip. The 6082 and 6084 chips
are the SNL test pattern chip and the Westinghouse- designed test pattern chip, respectively. They were also
included on the 6073 maskset as the 6072 and 6074 chips. The 6085 is a SNL-designed test chip consisting
of various "SELF-STRESSING" circuits.

U The modifications to the 6071, 6072, and 6074 designs consisted mainly of "Biteching" to the new process/
mask layer sequence, and changing the appropriate SONOS-ferroelectric-related layers in the memory devices
as well as adding Via and Metal-2 to the designs (the original 4)AM SONOS process is a single level metal
process). On the 6081 chip, the only modifications made were in the core memory array, where it was

* necessary to change the poly-memory-gate shapes to Metal-I, and add Via and Metal-2. The following pages
describe the design rules, projection plate composition, and contents of the test chips.

IC. I Sandia Design Rules Extracted from "SA3776 DWG" (CALMA L6070)

1) 1.0 P-wellI a) min. width .................................................. 22 um
b) min. space .. ............................................... 26 um
c) rec. space to L2 . ................................................ I m;ijiv
OK
d) space to L6 ................................................. 19 um

I 2) 2.0 P+ G.B.
a) min. width ................................................ 4 um
b) m in. space ....................... .. ...... ........ ... ... .... 16 um

I 3) 3.0 Thin oxide cut (device window)
a) min. w idth .................................................. 8 um
b) m in. space (n+ ) ............................................. 8 urn
c) min. space (p+) ............................................... 12 um

4) 4.0 PolyIPa) m in. width ................................................. 4 um
b) min. space .................................................. 4 um

I c ) overlap of L3 (n-ch) ............................................ 0 urn
d) overlap of L3 (p-ch) ............................................ 4 um

I S 5) 5.0 N- imolant (extended-drain)
a) m in. w idth .................................................. 8 um

I b) overlap of L4 (channel length direction) ............................... 2 um
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6) 60 + Mgln
a) min. w id th ............................................... 8 urn
b) mrin. space .. . . . . . . . . . . . .. . . . . . . . .. . . . 8 umn
c) overlapofLU ... . . . . . . . . ... . . . ... . . . . . . . . 3 um

7) 7. Cn gtwidow
a) min. width .................................................... 3 urn3
b) mi~in. space............................................. . 4 um
c) enclosed by L4............................................... 2.5 um
d) enclosed by LIS5................................................3um.
a) enclosed byL6 ................................................. 2.5 um
f)enclosed by L16............................. .............. 2.Sumn

g) space to L4 ................................................... 2.5 umn
h) enclosed by L.3 ................................................. 2urn
i) enclosed by L8...............................................0.5 urnm

8) 9. VS
a) min. width .................................................... 4 urn3
b) mini. space .................................................... 4 urn

9)9.QBnd pad th
a)cenclosed by L8.................................................4 umn

10) 120MemoygatI
a) overlap of L16 (channel width direction) ........................... 3.75 umn
b) overlap of L15.................................................4 urn

11) 15.0Qoly
same as for poly I (4a-d)I

12)160N mjt
a)rmin. width...................................................8Urn
b)rmin. space...................................................8 um
c) space to L2 ................................................... 4urn

13) 18,0 Polv 2 atringer etch

a) min. space................................................... 4 urn
b) overlap of L15.................................................2 urn
c) space to L4...................................................2um1

14) 23,0 Field adjust implant
a) min. space ................................................ 4urnb) o erlp o W p-ch .. ... ... .... ... ... ... .... ... ... .. ur
c) overlap of L3I(..-..............................................S1um
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• ' ~~~~~~~~~~~~~~. . .. ..... . ....... '.........V . '++ +. . i.'. . . + ''•

C.2 Westinghouse 4 um FE/SONOS/CMOS CALMA and Mask Levels for Ferroelectric Version of..
Sandia EEPROMs. (Calma Libraries L6080, L6081, L6082, L6084)

WEC Fill Mask Mask
CALMA CLAA LIY poliaz uDescipion

0 ...... NA ....... 0.0 ........ Clear ......... Alilgnmnent3 I ...... 12 ...... 1.0 ...... Clea ......... N-well
2 ...... 16 ...... 2.0 ...... Clear ......... P-well
3 ...... NA ..... 3.0 ...... Opaque ........ N+ Guard band
4 ...... 71 ...... 4.0 ...... Clear ......... P+ Guard band
5 ...... . 11 ...... 5.0 ...... Opaque ........ Device window
6 ...... 104 ...... 6.0 ...... Opaque ........ Non-mere poly
7 ...... 5 ...... 7.0 ...... Clear ......... N-"implant
8 ...... NA ...... 80 ...... Clear ......... N+ implant
9 ....... 90 ...... 9.0 ...... Clear ......... P+ im plant
10 ...... 10 ...... 10.0 ..... Clear ......... Contact
11 ...... 91 ...... 11.0 ..... Clear ......... Memory window
12 ...... 83 ...... 12.0 ..... Opaque ........ FE removal
13 ...... 76 ...... 13.0 ..... Opaque ........ Metal I
14 ...... 96 ...... 14.0 ..... Clear ......... Via

*15 ...... NA ..... 15.0 ...... Opaque ........ Metal 2
16 ...... 82 ...... 16.0 ..... Clear ......... Overcoat

t The N-well layer (LI) is generated by DRC program.
S DRC sizing required.

I Alignment Tolerances

I aselize 7577vl-an T TT23471TICTYTTTTO1T2~~
ii". .. . ... .-- ------------- ----Sequence 11Ainet1111 1 2 2 3 2

I N-Well 2 2 2 2 3 3 4 3 3 4 5 4 5., 6 '7

L+ P-Well 2 2 2 2 3, 3433454- S 6 -7

A A oly - 2 3 2 . 3 4 3 4 z 1
- :: ~-------------------------------22TT 4 43I 3 4 S 4 - -6 17-

2+~* 3 43 3 4 5 4 5  1r

i n i n 5 Dcv. jWndow 1 1- 1 2 3 2 4 1, 5I - ,,
12F.E .e;a 322343S

++
10a 1 2 i

Via'
j.e...---.------------------ - - . ...

-__ --"-Overcoat
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C.4 Description of "TA75S.ATL" 4, jm FENV/CMOS Test Chip

CALMA Library : L6082

CALMA Structure: TA75 1.ATL

Following is a listing of test structures included in the nine nadset:

I (1) TPI3.ATLP
This padset consists of SNL Module-13 structures (eight 8/4 FENV transistors) and also SCR structures
C, D, and E (Tx= 13, 10, and 8 Am, respectively). See figures 1-1 and 1-2.

FENV pinouts (one pin for source and P-well)I
20 18 19 20
23 21 22 23
13 11 12 13
10 8 9 10
34 32 33 34

FENV pinouts (separate pins for source and P-well)
I Source QAsateain

16 14 15 17
26 24 25 27
30 28 29 31

N-substrate pin 7

SCR C: N-sub 5 P+ 6 P-well 36 N+ 35
SCR D: N-sub 3 P+ 4 P-well 38 N+ 37
SCR E: N-sub I P+ 2 P-well 40 N+ 39

I (2) RESIST.CAP.ATLP
This padset consists of the six SNL capacitors (A, B, C, D, E, and F), poly Van der Pauw (pins 27-
32... see figure 10), metal Van der Pauw (pins 21- 26), N+ resistor (pins 19, 20), P+ resistor (pins 36.
37), and the current mirror circuit.

A. Capacitor A is a metal gate capacitor in p-well with P+/P+ GB under gate. Its area is 0.5
x 106 Mm2 . (Pins 4,3).

B. Capacitor B is a metal gate capacitor in p-well with P+/P+ GB under gate. Its area is 0.3 x
106 Am2 . (Pins 4,5,6 P-well).

C. Capacitor C is a metal gate capacitor in p-well with P+ GB under gate and a P+ halo around
gate. Its area is 0.3 x 106 9m2 . (Pins 34,33,7 P-well).

D. Capacitor D is a poly 1 capacitor in a blanket p-well and guardband substrate with P + halo.
Its area is 0.3 x 106 Am2 . (Pins 2,1).
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E. Capacitor E is a polyl., capacitor in p-well with P+ halo. Its area is 1.0 x 106 1Am2 . .1
(Pins 40, 1).

F. Capacitor F is a poly 1 capacitor in n-well with N+ halo. Its area is 1.0 x 106 Am2 .

(Pins 39,38).
(3) ATO.J.ATLP

This padset consists of SNL transistors A to J (ten total).

A. An NMOS transistor with W/L of 40/4 (C4810CEL).

source 2 gate 40 drain 39 P-well 1

B. An NMOS transistor with W/L of 100/10 (C4820.CEL).

source 4 gate 38 drain 37 P-well 3

C. A PMOS transistor with W/L of 40/4 (C4830.CEL).

source 6 gate 36 drain 35 N-sub 5 I
D. A PMOS transistor with W/L of 100/10 (C4840.CEL).

source 8 gate 34 drain 33 N-sub 7

E. A PMOS poly field oxide transistor with WIL of 22/14 (C4850 CEL).

source 10 gate 32 drain 31 N-sub 9

F. A PMOS metal field oxide transistor with W/L of 22/14 (N+ GB under
gate) (C4860.CEL).

source 12 gate 30 drain 29 P-well 11

G. A PMOS metal field oxide transistor with W/L of 22/14 (no N+ GB under I
gate) (C4910.CEL).
source 14 gate 28 drain 27 N-sub 13

H. An NMOS metal gate transistor with W/L of 26/18 (no GB under gate)

(C4920.CEL).
source 16 gate 26 drain 25 P-well 15

I. An NMOS poly transistor with W/L of 26/18 (no GB under gate).

(C4930.CEL).
source 18 gate 24 drain 23 P-well 17I

J. An NIMC'• inetal gate transistor with W/L of 26/18 (GB under gate).

(C44940.CEL).
souc,•e 2 gate 22 drain 21 P-well 19
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(4) K.TO.T.ATLP
This padset consists of SNL transistors K to T (ten total).
K. An N-FENV transistor with W/L of 8/4 (C4950.CEL).

P-well I source 2 drain 39 gate 40
L. An NMOS poly field oxide transistor with W/L of 26/18 (no GB under gate) (C4960.CEL).

P-well 3 source 4 drain 37 gate 38
M. An NMOS N-extender transistor with W/L of 40/4. This transistor differs from A in that the area of
the source and drain is larger. Space from oxide to poly is 11 microns instead of 8 microns(C5010QCEL).

source 6 gate 36 drain 35 P-well 5
N. An NMOS N-extender transistor with W/L of 30/3 (C5020.CEL).

P-well 7 source 8 gate 34 drain 33
0. An NMOS N-extender transistor with W/L of 20/2 (C5030_CEL).

P-well 9 source 10 gate 32 drain 31
P. A PMOS transistor with W/L of 30/3 (C5040.CEL).

N-sub 11 source 12 gate 30 drain 29
Q. A PMOS transistor with W/L of 20/2 (C5050.CEL).

N-sub 13 source 14 gate 28 drain 27
R. An NMOS metal field oxide transistor with WIL of 26/18 (no GB under gate) (C5060.CEL).

P-well 15 source 16 gate 26 drain 25
S. An NMOS metal field oxide transistor with W/L of 26/18 (GB under gate) (C5070.CEL).

P-well 17 source 18 gate 24 drain 23
T. An NMOS poly field oxide transistor with W/L of 26/18 (GB under gate) (CS080'CEL).

P-well 19 source 20 gate 22 drain 21

(5) C3542CATLP
The following structures are included:

* analog cell C
* exploded CM5XCEL (from analog cell B)
* exploded TRIGGER-CEL (from analog cell B)
* n-channel transistor (from analog cell A)
* N- implant only transistor (from analog cell B)
a) 18/30 N- implant only: source 6 gate 8 drain 7
b) 7/11 P+ xtr: source 12 gate 14 drain 13
c) 7/90 P+ xtr: source 15 gate 17 drain 16
d) 9/30 N- implant only: source 18 gate 20 drain 19
e) 18/30 N- implant only: source 24 gate 22 drain 23
f) 18/60 N- implant only: source 27 gate 25 drain 26
g) 10/30 NMOS: source 36 gate 34 drain 35

N-sub 21

C-9



(6) DIODES.ATLP
This padset consists of the following:
" C2210C.CEL (p-channel 40/4 metal transistor with no memory cut)

N-sub 20 source 19 gate 21 drain 22
" N+ to P-well diode

N+ 10 P-well 9
" P+ to N-sub diode

P+ I I N-sub 12 3
" Metal Van der Pauw (structure Y)

pins 17, 18, 23, 24
" Poly Van der Pauw (structure W) m

pins 15, 16, 25, 26
"* INV=CEL (from analog cell A)

"* CM5X_CEL (from analog cell A) m

" LSHIFT.CEL (from analog cell A)
" TRIGGER.CEL (from analog cell A)

(7) TP3.9-ATLP
This padset includes SNL Module 3 (small m, m-ory array aad M!ftdvle 9 (n and p-channel transistors):
Module 3 is a 4 row by 3 bit memory array. T%% sc,'rýi:'c for ,.Y'.c,1ule 3 is shown in fig., "e 7-1. It
contains a "dummy" row as can be found in th6 SA''99, SA3612, and 1SP182. In this '.ise, .,'.er,

both the MNOS and NMOS gates are tied to the o-well, wtureas in he a•,'ual array it is just the MNUS
gates. The sizes, in microns, of the transistors aL-. shown *-:- -arenthese%. The width of the transistor is
shown before the '.' whereas the length of ' trarsisto, fllk..'s tOe *-'. The alpha character is the
transistor type; P for P-channel, N for N-channel

piain Q=-~ Ioi
8/2.4 N-FENV 9 10 31 36
8/4 NMOS 3 37 31 36
100/10 NMOS 2 37 31 36
50/5 NMOS 37 31 36
40/4 NMOS 40 37 31 36 3
2 series
4/16 NMOS 39 37 31 36 m4/16 NMOS 38 37 31 36

S~I
100/10 PMOS 32 35 31 6
40/4 PMOS 34 35 31 6
40/4 PMOS 33 35 31 6 3
with 2x drain contact-to-gate space

1
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"(8) TP14.ATLP
This has the same structures as SNL Module 14 except "for two fewer of transistors C22 10A_CEL and
C2210.CEL, it also includes transistors 1-5 below. See figure 8.
1. An NMOS poly gate oxide transigtor with W/L of 26/26 (GB under gate)

(C508 ICEL).
source 21 gate 19 drain 22 P-well 20

2. An NMOS metal field oxide transistor with W/L of 26/18 (GB under gate)
(C5082.CEL).

source 23 gate 17 drain 24 P-well 18
3. An N-FENV metal gate oxide transistor with W/L of 26/20.6 (GB under

gate) (C5083.CEL).
source 25 gate 15 drain 26 P-well 16

4. An NMOS metal gate oxide transistor with W/L of 26/20.6 (GB under gate)
(C5084.CEL).

source 27 gate 13 drain 28 P-well 14
5. An N-FENV metal gate oxide transistor with W/L of 26/26 (no GB under

gate) (CS085_CEL).
source 29 gate 11 drain 30 P-well 12

FENV N-channel transistors
-pr am d~ll

8 10 9 7
33 31 32 34
4 6 5 3

37 35 36 38

FENV P-channel transistors
soIrc da
40 2 39 1

I (9) C2200-CEL
This is kept exactly as SNL Module 13, it is NOT padded out to 2x20 padset per SNL's request. TPI3
ATLP is the Westinghouse-testable version of this Module.

1
II
I
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C.5 Description of L6084 " WECPMATL" 4 Am FENV/CMOS Test Chip

List of structures placed in L6084 "WECPMATLh:

1) M.POL.CWSTR.ATL a metal to poly contact string consisting of 4800 3Am X 3mrI

(padset A) contacts (pins 4,5), and tap for 160 contacts (pins 5,6)

2) M.NPL.CWSTR.ATL a metal to N+ contact string consisting of 4800

(padset A) 3 Am X 3 Mm contacts (pins 23, 24), and a tap for 160 contacts (pins 18,
23). P-well contact is pin 17.

3) M.POL.RSCT.ATLP a poly resolution/continuity structure consisting of vertical

(padset A) poly serpentine inside poly comb (LW-4Am, LS-4AM) over horizontal
device window stripes (LW-8Mm, LS-8AM) over P-well with P-well
contact.
poly combs pins 36, 38
poly serp pins 37, 39

P-well pin 40

4) MOVERPRSCTATL a metal over poly resin/cont structure consisting of vertical

(padset A) metal serpentine inside comb (LW-4Mm, LS-4Am) over horizontal poly
serp/comb (LW-4Am, LS-4nm)
poly serp pins 12, 33
poly combs pins 29, 30
metal serp pins 9, 10

metal combs pins 31, 32

5) M.RSCT..NOM-ATL a vertical metal serp/comb structure (LW-41An, LS-4Am)

(padset A) metal serp pins 13, 14
metal combs pins 27, 28

6) DCHAIN.ATL a gate delay chain consisting of 100 inverter gates
(padset A) (Wp-32Mnm, Wn-l5Am)

in 26 out l0 vdd 15 vss 25

7) MODEL.XTRSATLP various sized NMOS and PMOS transistors for modeling

(padset B) purposes, common source and common substrate connected 50x50, 50x5,

50x4, 5003, 50x2, 12x4, 8x4

NMOS PMOS I

50150 22 23 50150 19 18
50/5 24 25 50/5 17 16
50/4 26 27 50/4 15 14
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50/3 28 29 50/3 13 12 ...

50/2 30 31 50/2 11 10
12/4 32 33 12/4 9 8
8/4 34 35 8/4 7 6

source 36 source 5
P-well 21 N-sub 20

,40/4 NMOS annular transistor:
source 40 drain 39 gate 38 P-well 37

*40/4 PMOS annular transistor:
source 1 drain 2 gate 3 N-sub 4

8) SONOS.XTRS-ATLP various sized N-FENV transistors, common source and common
(padset C) substrate connected:

10x5, 10x4, 10x3, 10x2
a P+, an N+, a Poly, and a Metal 1 Kelvin contact a 26x26 PMOS
transistor with N+ G.B. under gate

N-FENV P-FENV

I 12
10/5 2 3 10/5 39 38
10/4 4 5 10/4 37 36
10/3 6 7 10/3 35 34
10/2 8 9 10/2 33 32
source 10 source 31
P-well 1 N-sub 40

"* P+ pins 11, 12

MI : pins 30, 2)

' poly : pins 13, 14
M1 :pins 28, 27.

" M2 :pins 15, 16
MI : pins 26, 25

* NN+ pins 17, 18

MI : pins 24, 23

* 26/26 PMOS : source 20 gate 22 drain 21 N-sub 19
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I
9) SRP.ATL spreading resistance probe structure (N-well, P-well, N+G.B. P+ G.B.,

N-iniplant, N+implant, P+implant; alA 125 Arm x 800pro

10) JC.TBS : TBS structure (a 25 x 25 array of 8=mx414m PMOS transistors)

11) JC.VERTNPN a vertical NPN device
(padset A) N-sub : p n 7

P-well PN+ :2

12) JC.MPCAP a 000pmxl000,um po•l y pin 21)
(padset A) to metal one (pin 20) copacitor.

I
I
I
I
I
I
I
I
I
I

I
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APPENDIX D: PULSED LASER DEPOSITION (PLD) PUBLICATIONS
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PULSED LASER DEPOSITION (PLD) OF ORIENTED BISMUTH TITANATE FILMS
FOR INTEGRATED ELECTRONIC APPLICATIONS

H. BUHAY, S. SINHAROY, M. H. FRANCOMBE, W. H. KASNER,
J. TALVACCHIO, B. K. PARK, AND N. J. DOYLE
Westinghouse Science & Technology Center
1310 Beulah Road, Pittsburgh, PA 15235

I
D. R. LAMPE AND H. POLINSKY
Westinghouse Advanced Technology Division
Nursery and Winterson Roads, Baltimore, MD 21203
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Abstract In this paper we describe recent successes of growth of
epitaxial bismuth titanate (BTO) films by pulsed laser deposition
(PLD) suitable for electro-optic and electrical switching device
structures, and fabrication of an improved gate structure for a

ferroelectric memory FET (FEMFET). TEM and x-ray results indicate
that excellent crystalline quality BTO films were achieved on
LaAlO Polarization switching was demonstrated for BTO
capaCtors with epitaxial superconducting YBa Cu 30 as the lower
electrode. Using an SiO2 buffer layer, a BTOfSi saructure was
fabricated and direct charge modulation in the Si by polarization
reversal in the BTO was demonstrated.

INTRODUCTION

Since the growth of stoichiometric and epitaxial2 films of

ferroelectric bismuth titanato, Bi4Ti3012 (ETO), by rf sputtering was

demonstrated in these laboratories, it has become apparent that films

of this material offer several important and unique application

opportunities in integrated electronics. These potential applications

derive from an unusual combination of several useful properties, such

as high electro-optic contrast switching effects under low address

fields, demonstrated feasibility of direct integration in silicon

FET's as a gate dielectric, and the capability of high specific

capacitance associated with low dielectric loss.

The unique electro-optic switching behaviour of BTO crystals has
already been duplicated in sputtered epitaxial films to achieve an X-Y

addressed display.3 For tý., purpose, single-domain film

I
[2-13163

D-



1

:1:141 H. BUHAY, S. SINHAROY, M. H. FRANCOMBE, D. R. LAMPE, W. H. KASNER I
structures were required with the spontaneous polarization and optic

axis lying in the plane of the film. Similarly, experimental Si-based

memory structures were successfully fabricated in which switching

between the "zero" and "one" states was produced by reversing the

ferroelectrir polarization in the BTO gate dielectric of an FET. 4 4

Finally, high-value (0.3 #F/cmc2 ) and low-loss (tan 6 w 0.005)

capacitors were fabricated on metallized silicon substrates at growth

temperatures of about 550"C.

Despite these early successes with sputtered films of ETO, serious

growth problems were oftan encountered due to the low deposition rates

available, to the Bi 2 03 -rich composition needed in the target, and to

the influence of ion bombardment at the substrate. These effects led

to particle formation in the films,1 cracking of epitaxioal layers and

interdiffusion with the substrate material. 4  In particular, the the

interdiffusion with Si surfaces produced tunneling barriers which

promoted anomalous, injection-dominated switching in ferroelectric FET

memories (FEMFETs).

Recent studies by Buhay et &l. 5,6 and also by Ramesh et &l.7 have

demonstrated that high-quality films of BTO can be grown on a variety

of substrates, and epitaxially on MgO, by pulsed laser deposition

(PLD), using approaches similar to those developed for growth of oxide

superconductor layers. We have shown that, unlike the situation with

sputtering, stoichiometric targets can be used to yield particle-free

films of excellent structural and electrical quality, displaying I
essentially bulk ferroelectric properties. Moreover, growth could be

achieved at high rates and low substrate temperatures under conditions

compatible with the processing needs of semiconductor integrated

circuits. In the present paper we describe recent extensions of the

PLD method to epitaxial growth of BTO films suitable for eiectro-optic

and electrical switching device structures, and to fabrication of

improved gate dielectrics for FEHFET arrays.

EXPERIMENTAL

Film deposition was carried out using a Lumonics HyperEx-460

industrial laser operating on the KrF transition at 248 nm at pulse
energies up to 300 mJ, with pulse durations of 20-30 nsec and

repetition rates up to 65 Hz. The films were prepared, as previously

I
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Idescribed, with an estimated laser fluence, on the stoichiometric
BTO ceramic target, of 2 J/cm 2, laser pulse rate of 10 Hz, and oxygen
flowing at a pressure of 200 mTorr. For these conditions, and for

nominal substrate temperatures used in the range 500-700'C, films were
grown to a typical thickness of 1 micron, at a rate of about
30 nm/min. Structural characterization was performed using X-ray

diffractometry and rocking curve measurements, X-ray oscillation and
Weissenberg patterns, electron diffraction and transmission electron3 microscopy (TEM). The composition of the layers was evaluated using

electron microprobe techniques. Capacitance and conductance

measurements were made over the frequency range 10-500 kHz using a
Boonton bridge, and ferroelectric hysteresis studies were carried out
with a modified Sawyer-Tower circuit.

The epitaxial BTO films studied here included $TO/LaAlO3 (00I),

bi-layer structures of the type BTO/YBCO/LaAlO 3 (001) and
BTO/YBCO/YSZ(100) and tri-layer structures of the type
BTO/SrTiO 3 /YBCO/LaAlO 3 (O01) and BTO/SrTiO3 /YBCO/YSZ(001). MIS

structures involving BTO deposits on thin (100-200A) buffer layers of
CaF'2 and SiO2 on (001)Si were also prepared for electrical C-V

measurements. In the bi- and tri-layer structures the epitaxial films
of YBCO (YBa 2 Cu3O7 ) and SrTiO3 were pre-deposited in a separate vacuum

system by rf magnetron sputtering. In the case of silicon substrates,
CaF2 and SiO2 were pre-deposited by vacuum sublimation and thermal
oxidation respectively.

RESULTS

Epitasxial Structures on (O01)LA10O3 and Zirconia (YSZ) Substrates

LaAIO3 (001) substrates provide an excellent lattice match to the

p:reelectric (high- emperature) t•etragonal (001) face of BTO (1%

compared to 2% for SrTiO3 and 10% for MgO). BTO films were grown at

nominal substrate temperatures of 600, 675, and 750*C. Examination by
X-ray diffractometry indicated in each case primarily the
ferroelectric orthorhombic phase with a very strong c-axis (normal)
crystal orientation. X-ray Weissenberg patterns confirmed a well-
oriented epitaxifl structure with BTO(OO1) // LaAlO 3 (001), and with
a-b twinning in the (001) plane of the substrate, i.e. BTO[1O00 and

[010] II LaAlO3 (110) (see Figure 1). X-ray rocking curve studies
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FIGURE I X-ray Weissenberg pattern of BTO film grown at 750"C on
LaAlO3 ( 100).

yielded FWFM values depending sensitively on growth temperature.

Increasing the growth temperature from 600 through 675 to 750*C

produces a dramatic improvement in film quality, with the

corresponding F•WM widths changing as shown in Figure 2.

TEM studies performed on the 750"C sample gave confirmation of the

twinned structure (Figure 3). Small area diffraction (SAD) measured

in the twinned areas (different contrast regions in Figure 3a and 3b)

showed the orientations of the a-b axes differ'by 90" rotation and the

twin boundaries are parallel to the film axes. Two types of

boundaries observed were: (a) straight boundaries (Figure 3a)

probably associated with formation of twins directly at the growth

temperature near the Curie point (Tc) transition, and (b) curved

boundaries (Figure 3b) tentatively attributed to formation of

ferroelectric domains on cooling below Tc. These results suggest that

the true film growth temperature may differ from that measured at the

heater surface by as much as 60-80"C. However, single domain film

structures of quality adequate for optical waveguide modulators can

probably be achieved by growing further above the Tc transition.
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FIGURE 2 FWHM of X-ray rocking curve about (0014) versus te.oerature
for 370 film of Figure 1.

Good-quality epitaxy of BTO was also obtained in the various bi-

and tri-layer, (001) oriehted samples on LaAlO3 and yttria-stabilized

ZrO . In each case, the BTo c-axis was normal to the substrate plane.

In the case of the structures with YBCO, a narrow temperature window

was established for B30 growth which led to ferroelectric behaviour

without degradation of the superconducting transition at 90K in the

YBCO. Using gold top electrodes, hysteresis loops of the type shown

in Figure 4 were displayed. The measured polarization at partial

saturation (4.3 UC/cm ) agrees well with the bulk crystal value

parallel to the c-axis, but the coercive field (200-300 kV/cm) is

anomalously high. These structures provide a unique example of

highly-ordered, lattice-matched electrode/ ferroelectric interfaces,

which should possess high stability and reduced fatigue, for example,

in semiconductor memory configuration.
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FIGURE- 3 TE~s of same BTO film of Figures I and 2: (a) straight
twi.n boundari.es; (b) curved twin boundaries.
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FIGURE 4 Hysteresis loop measured at 2 kH[ for BTOISrTIO /Y3COIYSZ
structure. Scale: Vertical, 3.5 pC/cm per large division;
Horizontal, 310 kV/cm per large division.

MIS Structures on Silicon

These structures were explored with the aim of establishing whether

?LD film.s of 370 on Si (with or without dielectrfc buffer layers~)

might exhibit switching behaviour free from the charge injection

effects encountered previously with sputter-deposited 370 layers.

370 structures prepared by PLD without such buffer layers were in fact

found to display injection effects, and will not be discussed further

here. The results for 370 structures usin; CaF 2 or SiO2 as a buffer
layer are discussed further below. The BT0/CaF2 dielectric structure

w-as deposited on a standard VHSIC CMOS wafer (4-80Ohm-cm p'Si epi-

layer grown on 0.005-0.02 Ohm-cm p 4 Si substrate). The BTO/SiO2

lea4 25

structure was deposited on a gridded (6 pm wide N• lines spaced 60 pm

apart) standard wafer. In both cases a mercury probe having an area
0-3 2

of .6 X10 cm was used as the top electrode. The 3TO(CaF2 and
T0/SiO2 test structuress andpC-Vaplots are sho2n in Figures 5 and 6

respectively.
The test structure of Figure 5 was intended to siulate a FEioE

that is incorporated in A ?-well CMOS VLSIC memory, i.e., an N-channel
FEHET. Thus, as the gate voltage sweeds from +5 volts to -5 volts in

the C-V hysteresis curve of Figure 5,th the cacitancesofgthe gathe

dielectric stack increases as the depletion-region "inversion charge
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Test Cross-Section:
Area - .64E-3CM 2

~0 M.

Mercury Caoilla. ry- _ _.1

Bi4r,301 ( 400 nm) /

CaF2 (10 amn) • L )

P (-) EPI 1 L

(P.+, ) Substrate -0 X
Voltage (V)

FIGURE 5 Test structure and C-V hysteresis result .or a CaF -

buffered BTO film on a standard VHSIC CMOS Si wafer.

layer" becomes an "accumulation charge layer", with the disappearance

of the series depletion-region capacitance at approximately the

threshold voltage. The shift of the threshold from enhancement mode

toward depletion mode in response to negative programning (Vgate =5

volts) indicates positive charge trapped near the semiconductor-gate-

dielectric interface rather than a negative sheet of charge that --ould

arise if the negative gate reoriented the fetroelectric dipoles to the

positive end adjacent to the negative gate. Thus, the polarity of the

threshold shift of the C-V plot (arrow directions shown in Figure 5)

for the BTO/CaF2 structure is consistent with the interpretation that

charge is being injected from the Si surface into traps near the

BTO/CaF2 interface (injection type on/off switching).

The test structure of Figure 6 includes more of the FrTET

(namely, the NMOST sourceldrain im-plants) to greatly facilitate both

pulsed and endurance C-V measurements. Consequently, in the C-V plot

of Figure 6, the lower apparent capacitance is shunted back to its

higher value by an inversion layer whose source of electrons is the

source/drain grid implant that is shorted to the substrate. Only

during the transition from an accumulation layer (arising from a

negative gate bias) to the inversion layer (associated with a positive

gate bias) does the gate capacitance drop to a minimum value at a gate

voltage near the effective threshold voltage. Thus, from the gridded-
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FIGURE 6 Test structure and C-V hysteresis result for a

SiO 2-buffered BTO film on a gridded wafer.

wafer C-V hysteresis curve of Figure 6, the negative memory-gate

progranrning gives the enhancement mode (normally OFF) while the

positive memory gate programning gives the depletion mode (normally

ON). The polarity of the threshold shift of the C-V plot (arrow
directions show-n in Figure 6) for the BTC/SiO2 structure is opposite

of that in Figure 5 and is indicative of ferroelectric switching.

That is, for 5-volt progra.ing, the reversible ferroelectric

polarization dominated when charge tunnelling and trapping was
inhibited by the good quality SiO buffer layer. The Cal2 buffer

2 lae.Te 2Fbfe
layer, however, permitted so much charge tunnelling and trapping that
it completely dominated over any likely ferroelectric polarization
switching. The faster BTO ferroelectric switching is the desired goal

for NDRO FERRAM operation.

SU'_ARY

Pulsed laser deposition has been used, in conjunction with a
stoichiometric target, to deposit a variety of BTO epitaxial
structures on (001) crystal substrates of LaAlO3 and YSZ. By

controlling the growth temperature, it was possible to form high-
quality BTO capacitors with epitaxial superconducting YBCO as the
lower electrode, and to demonstrate polarization switching. Using

D-9



7212221 H. BUHAY, S. SINHAROY, M. H. FRANCOIME, D. R. LAMPE, W. if. KASNZE

SiO2 buffer layers, BTO/SI MIS structures also were grown, and the

feasibility of direct charge modulation in the Si by polarization

reversal in the BTO was demonstrated.

ACKNOWLEDGEKNTS

The authors would like to thank B. A. Fleischmann, V. A. Toth, 3. A.

Blankenship, and J. Uphoff for preparing the BTO films and electrodes

for ferroelectric hysteresis measurements and chatacterization of the

superconducting films. We appreciate assistance in interpreting the

x-ray and TEM results provided by W. J. Takei and J. Greggi. J. T.

acknowledges support from AFOSR contract F-49260-88-C-0039 for

preparation of the epi YBCO films and buffer layers.

REFERENCES

1. W. J. Takei, N. P. Formigoni and M. H. Francombe, J. Vac. Sci.

Tech. 7, 442 (1970).

2. W. J. Takei, S. Y. Wu and M. H. Francombe, J. Crystal Growth 28,
188 (1975).

3. S. Y. Wu, W. J. Takei and M. H. Francombe, Ferroelectrics 10, 209
(1976).

4. S. Y. Wu, IEEE Trans. Electron Devices ED-21, 499 (1974).

5. H. Buhay, S. Sinharoy, W. H. Kasner, M. H. Francombe, D. R. Lampe
and E. Stepke, Proc. 7th Int. Symp. Appl. Ferroelectrics (1990).

6. H. Buhay, S. Sinharoy, W. H. Kasner, N. H. Francombe, D. R. La-'pe
and E. Stepke, Appl. Phys. Lett. 58, 1470 (1991).

7. R. Ramesh, K. Luther, B. Wilkens, D. L. Hart, E. Wang, A. Inar,
X. D. Wu and T. Venkatesan, Appl. Phys. Lett. 57, 1505 (1990).

D-10



Pulsed laser deposition and ferroelectric characterization df bismuth
titanate films

H. Buhay, S. Sinharoy, W. H. Kasner, and M. H. Francombe
Westinghouse Science and Technology Center. 1310 Beulah Road, Pittsburgh, Pennsylvania 15235

D. R. Lampe and E. Stepke
Westinghouse Advanced Technology Division. Nursery and Winter-son Roads, Baltimore. Maryland 21203

(Received 22 October 1990; accepted for publication 3 January 1991)

Stoichiometric films of bismuth titanate, Bi4Ti3O,2 , have been grown for the first time by the
technique of pulsed excimer laser deposition. Ferroelectric films were obtained at
temperatures as low as 500 "C on Si(100), MgO( 110), and Pt-coated Si(100) substrates.
Hysteresis measurements using a Pt-coated Si sample yielded a saturation polarization value
of about 28 .C/cm 2, consistent with a randomly oriented titanate film structure. A
preliminary metal-insulator-semiconductor sandwich structure of the form
Bi4Ti3O,--CaF,( 100 A)-Si was grown and used to examine polarization induced memory
switching effects.

In previous studiesi'2 it has been demonstrated that stoichiometric BijTi 30 1 ceramic target supplied by Pure
films of bismuth titanate, Bi4Ti3O12, with high structural, Tech, Inc. The beam was incident on the target at an angle
electrical, and optical quality can be prepared by rf sput- of 45', and the target was rotated at 10 rpm to reduce
tering. For sputtered films it was not possible to grow crys- cratering. Substrates were bonded with conductive epoxy
talline films of the ferroelectric composition at elevated to the substrate holder, which was radiatively heated, and
substrate temperatures without using excess bismuth oxide were positioned at a distance of 3.5 cm from the target
in the ceramic target. Also, since sputtering is a slow pro- surface. The samples were placed within a 2-cm-diam area
cess, interdiffusion with the substrate can occur at the high centered on the plume axis, and were expected to receive
temperatures needed for single-phase growth. Recently, la- material removed from the target mainly by ablation. All
ser deposition has emerged as a promising technique for films were prepared with an estimated laser fluence on the
the stoichiometric growth of perovskite-type high- target of 2 J/cm", laser pulse rate of 10 Hz, and oxygen
temperature superconductor films. 3"4 Efforts have also been flowing at a pressure of 200 mTorr. For these conditions
made to apply this deposition approach to ferroelectric the deposition rate was about 30 nm/min. Films were pre-
mixed oxides, such as lead zirconate titanate (PZT), but pared at different substrate temperatures in the range 500-
composition control difficulties have arisen due to the high 700'C, and were grown typically :o thicknesses of about I
volatility of the PbO constituent.5 No reports have yet ap- um. Structural characterization of the films was performed
peared on the use of this technique for the growth of using x-ray diffractometry, x-ray oscillation patterns, and
Bi4,Ti3 Q,' films. texture camera photographs, while surface morphology

The fact that ferroelectric Bi4Ti3Ol 2 displays a c-axis was determined by means of' scanning electron microscopy.
polarization component with a low coercive field renders it The composition of the layers was examined using energy-
attractive as a gate dielectric film in ferroelectric field-effect dispersive x-ray (EDX) and electron microprobe tech-
transistor (FET) semiconductor memories requiring low niques. Capacitance and conductance measurements were
drive power. Earlier attempts were made by Wu 6 and by made over the frequency range 10-500 kHz using a Boon-
Sugibuchi et aL to achieve such FET structures using rf ton bridge, and ferroelectric hysteresis studies were carried
sputtering to deposit the titanate film. However, the high out with a modified Sawyer-Tower circuit.
processing temperatures (-675 "C) and low deposition Preliminary depositions were made on MgO( 110) and
rates used for titanate film growth led to interdiffused Si( 100) substrates at 675 'C in order to provide a basis for
structures characterized by the appearance of oxide tun- comparison with previously grown rf sputter-deposited
neling barriers at the semiconductor interface. A key mo- films prepared at the same temperature. In all samples
tivation for the present study was to explore the feasibility studied compositions of the deposited films were deter-
of using pulsed laser deposition for rapid growth of the mined to be the same as that of the target within the pre-
titanate at low substrate temperatures, in order to obtain cision of the EDX and electron microprobe measurements.
optimum semiconductor/dielectric interface properties. This result was confirmed by the phase composition data

The pulsed laser used was a Lumonics Hyper EX-460 obtained by diffractometry, as shown in Fig. I. Tmnis figure
industrial excimer laser operating on the KrF transition at also emphasizes the strong differences in orientation be.
248 nm at pulse energies up to 300 miJ, with pulse dura- tween layers grown on the two substrate materials. The
tions of 20-30 ns and repetition rates up to 65 Hz. The diffractometer trace for the film on silicon [Fig. l(a)] indi-
laser beam entered the metal vacuum chamber (base pres- cates a randomly oriented polycrystalline structure, while
sure 5X 107 Torr) via a quartz window and was focused to that for the film on MgO [Fig. l(b)] confirms a highly
a rectangular spot (1.5 mmX3.5 mm) on a hot-pressed oriented texture with the orthorhombic c axis normal to

1470 A•pl. Phys. Lett. 58 (14), 8 April 1991 0003-6951/91/141470-03S02.00 O 1991 American Instilute of Physics 1470
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the substrate surface. [The reflections in the pattern shown MOLyrLn
in Fig. l(a) were indexed on an orthorhombic unit cell I b)
with dimensions a = 5.453, b = 5.403. c = 32.83 A. cf. the
values for bulk crystals of Bi j Ti 3O1 ,. i.e., a 5.448, b

FIG. 2 (a) Scanning electron micrograph of a fiber texturerd film on an
5.410. c = 32.84 A).] These results on film oentation) substrate; (b) x-ray diffraction oscillation pattern of the sa-e

differ markedly from those reported previously from our sample.
laboratories '2"i on sputtered films of BiTi3O12 . Sputtered
layers on Si(100) were shown usually to display a strong
c-axis texture (at least for films about 3 yim thick), while positioned) structure of the type (001 ) BiTiO 1:i//

those on MgO( 110) grew with the c axis (and either the a (1 l0)MgO; with the [100) and [010] cell edges of the ti-

or b axis) in the plane. One possible explanation for this tanate lying at approximately 45' to the in-plane [001] arid

difference is the fact that the surface structure of the [110] axes of the MgO. This azimuthal alignment is readily
MgO( 11I0) substrate may be modified at the high oxygen explained by recalling that the titanate film is deposited at
pressure and temperature at which the pulsed laser depos- temperatures slightly above the Curie point, where the
ited films were prepared. structure is tetragonals and can be referred to a unit cell

Scanning electron microscopy (SEM) micrographs of with an aT parameter of about 3.86 A (cf. a = 4.2.1 A for
the laser-deposited titanate films showed them to be virtu- MgO). It is these shorter tetragonal axes (oriented at 45'
ally free from particulate deposits (a problem especially to the orthorhombic axes of the ferroelectric phase) which
associated with laser deposition of high T, superconducting align parallel to the [001] MgO axis during growth.
films, and often with sputtered films) with no evidence of Hysteresis measurements were performed on metal-
cracking. The surface structure of the highly textured de- ferroelectric-metal-semiconductor sandwich structures n
posit on MgO( 110) showed the formation of rectangular which the ferroelectric comprised a bismuth titanate layer
platelets (consistent with the habit of bulk crystals) with about I um thick deposited at 500 'C. The substrate %%as
edges aligned parallel to the sides of the MgO substrate [see low-resistivity p-type Si( 100). which was coated with 50
Fig. 2(a)]. Confirmation of this alignment was obtained nm of SiO 2 prior to application of a sputtered Pt(Ti) con-
from x-ray oscillation patterns such as that illustrated in tact layer. X-ray diffraction measurements showed that the
Fig. 2(b) which indicates a weakly epitaxial (double- Bi.Ti-O.2 film possessed a randomly oriented polycrystal-
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500 'C) in order to suppress tunnel-injection effects ob-

electric comprised a sputtered titanate layer gro n .directI-.

on the silicon.' The counterelectrode was the mercury cap-
illarv of a standard mercury probe having a contact area of

0.6410- c06. which was used to measure the C.-"

A W, MMcurve. However, the polarity of the threshold shift of the
curve was the same as that observed by Wu.' consi!-tent

with the interpretation that charge is being injected from
the silicon surface into traps in the ferroelectric film (in-

jection type on/off switching). A threshold shift opposite

in sign to the injection type is expected from induced

charge compensation on the Si surface by the polarization

of the film (polarization type switching). Apparently. the
FIG. 3 -Hysreresis loop meas~ured a: 2 kHz tor a 1050-nm-thick. polr.s- fluoride layer thickness used here was too thin to prevent
Ealhine bismuth titanate film. Scale: vertical. 17.5 uC,'cm per large divi- I in progress.
sion: herizontal. 1S1.$ kV/cm per laree division charge injection. Further work- is currentln

using barrier layers of either a thicker CaF, film or a layer
of SiO. to prevent charge injection

In conclusion, stoichiometric transfer from a BiTi.:O:
target to a variety of single-crystal substrates has been

line structure, similar to that of the films grown on achieved by the technique of pulsed excimer laser deposi-
Si( 100). shown in Fig. 1 (a). Figure 3 shows a hysteresis tion. The deposited ferroelectric titanate phase remains sta-

loop obtained at 2 kHz from such a structure with a cir- ble during growth at substrate temperatures up to 675 'C
cular gold counterelectrode having area 5 X 10 - 3 cm 2. The or higher, and films deposited at temperatures down to
polarization is nearly saturated, and at slightly higher ap- 500 "C are shown to display bulk-type ferroelectric behav-
plied voltage dielectric breakdown occurred. The inability ior. A preliminary version of a ferroelectric MIS structure
to fully saturate the polarization may have been due to failed to demonstrate polarization type switching of the
poor counterelectrode contact or shorting via grain bound- type required in ferroelectric FET memory devices. How-
aries in the film. Annealing of the electrodes or use of lower ever, it may yet be possible to overcome this problem by
growth temperatures is expected to reduce or eliminate this using lower growth temperatures or thicker dielectric bar-
problem. The estimated saturation polarization and rema- rier layers.
nent polarization were 2S and 19.3 pC/cm2 , respectively. The authors would like to thank B. A. Fleischmann, V.
The saturation polarization is consistent with the value A. Toth, and B. A. Blankenship for their assistance in

(32 PC/cm-) anticipated for a random angular distribu- depositing the thin filhis. We appreciate the characteriza-
tion of the resultant polarization ( - 50 ,C/cm") typical of tion of the films by texture camera. x-ray diffraction. SEM,
bulk crystals. The estimated coercive field is 200 kV/cm, electron microprobe. and EDX performed by MI. G. Burke,
and is comparable to values measured for randomly ori- A. Karanovich. H. Palmquist, A. Stewart. and N. J. Doyle.
ented BiTi.Ot, films prepared by sputtering. We would like to recognize the efforts of J. H. Rieger in

Capacitance and conductance measurements yielded a preparing the samples and assistance in the electrical mena-
dielectric constant (for the sample depicted in Fig. 3) of surements.
approximately 138 which is independent of frequency. The
dissipation factor varies somewhat with frequency, display- V w 1. Takei. N. P. Formironi. and M. H. Francombe. J. Vac, Sc.

Technol. 7. 442 (1970).
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dielectric constant and dissipation factor fall within the !975).
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